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ABSTRACT 
Composite triple layer grids composed of steel skeletal frames 
and concrete slabs are investigated with a view to understand 
their behaviour. Particularly, as they are used in large span 
highway bridges. The behaviour of composite space structures 
is studied by developing and using a program based on standard 
stiffness method, where both the skeletal and rectangular thin 
shell elements having six degrees of freedom per node are 
employed. To assess the validity of the assumptions employed 
in the analysis a series of tests were performed on a model of 
a triple layer grid made of brass tube members initially and 
subsequently reinforced with an aluminium sheet added to its 
top skeletal layer. The experimental observations are 
generally in good agreement with theoretical predictions. The 
tests confirmed the great rigidity of these structures and the 
assumption that calculations for such structures can be carried 
out using linear analysis. 
The analysis was considerably simplified, both in terms of 
mathematical complexity and in terms of saving in computer 
memory and time, by developing the 'girder analogy method' by 
the author. This method is considerably simpler than the 
stiffness method. Girder analogy can be used for the analysis 
of highly redundant skeletal and composite double or triple 
layer grids supported along the two short edges or on the four 
corners. The analysis using girder analogy can also be carried 
out conveniently by hand. 
Girder analogy method has been tested for the analysis of both 
the skeletal and composite triple layer grids for a number of 
span/width and span/depth ratios and the results of this method 
and the stiffness method are found in good agreement with each 
other. The analysis of composite triple layer bridge grids 
with various slab thicknesses is performed using girder analogy 
and some other methods. The comparison of these results also 
shows that the predictions of girder analogy are generally the 
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closest with those of the stiffness method. 
The study shows that the composite triple layer grids are more 
rigid and have more uniform stress distributions than the 
comparable skeletal ones. Forces in most of the components and 
deflections decrease with the increase of slab thickness of the 
structure. However, the rate of change in values of forces and 
deflections becomes less when the neutral plane of the 
structure moves closer to the bottom fibers of the top slab. A 
criterion is presented on the basis of girder analogy to 
determine an 'efficient continuum thickness' for composite 
double and/or triple layer grids where no part of the concrete 
slab is subjected to tensile stresses. 
To the memory of my mother and 
to my wife & children. 
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CHAPTER 1 
INTRODUCTION 
Composite triple layer grids composed of steel skeletal frames 
and concrete slabs are reported to offer considerable financial 
saving and efficiency in large span structures like highway 
bridges. These structures referred to as, 'composite triple layer 
bridge grids' are investigated with a view to understand their 
behaviour. Composite triple layer bridge grids can be classified 
as a type of composite space structures. In the analysis of a 
composite space structure, both the skeletal and continuum type 
of elements contribute towards the stiffness of the structure. 
Research work on composite space structures is rather limited. 
Particularly, reliable data on composite triple layer grids are 
practically non-existent. However, a considerable amount of work 
has been conducted previously both on the skeletal and shell type 
space structures which is undoubtedly of relevance to this work. 
Chapter 2 presents a recent literature survey of the related work 
on composite space structures. A discussion of various methods 
used for the analysis of composite space structures is also 
given. 
Stiffness method is well known for its accuracy and reliability 
for the analysis of skeletal structures. In addition, it is 
ideally suited to accommodate finite element method which is used 
for the solution of continuum structures. Therefore, using the 
stiffness method, a combination of skeletal and thin rectangular 
shell elements having six degrees of nodal freedom is employed. 
Chapter 3 contains a brief discussion on various aspects of the 
stiffness method of analysis together with associated computer 
programs. A number of computer programs for the processing and 
post-processing of structural data have been developed by the 
author during the course of the present work. Among these, there 
is a general purpose analysis program which can deal with a 
variety of structures together with the member eccentricities in 
both the horizontal and vertical planes of skeletal and composite 
space structures. Algorithm for this program is given in 
appendix A. 
To assess the validity of the assumptions employed in the 
analysis, a series of tests were performed on a model of a triple 
layer grid made of brass tubes initially. Subsequently, another 
series of experiments were carried out by reinforcing the model 
with an aluminium sheet added to its top skeletal layer. The 
aluminium sheet was used to represent the concrete slab of a 
composite triple . 
layer bridge grid. Chapter 4 describes various 
aspects of the model and the experimental set up including 
loading and supporting arrangements. 
Chapter 5 presents the procedure for testing the model together 
with a discussion of the evaluation of experimental results. It 
is found that the experimental observations are generally in good 
agreement with theoretical predictions. The tests verified that 
composite triple layer grids are more rigid and have more uniform 
stress distributions than comparable skeletal ones. The 
experimental investigations also confirmed.,, the assumption that 
analysis of these structures can be carried out using the linear 
theory. 
A comparison of the behaviour of skeletal and composite triple 
layer grids is discussed in chapter 6. It is found that forces 
in most components, with the exception of middle layer members, 
are considerably smaller than the corresponding-skeletal triple 
layer grids together with the decrease in deflections. The 
significant reduction in the top layer forces, which are critical 
under the normal circumstances, indicates the importance of 
integral behaviour of the top continuum. Moreover, the relative 
increase in the middle layer 
forces helps in activating these 
members to contribute towards the overall stiffness. Note that 
in a skeletal triple layer grid, the middle layer members just 
serve the purpose of connecting the diagonal bracing members. 
The study of the behaviour of rectangular skeletal. and composite 
triple layer grids supported on four corners and. under the 
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influence of various loading conditions revealed two important 
points: Firstly, the stress distribution in various components 
of skeletal and composite triple layer grids are analogous to the 
stresses in a built-up plate girder. Secondly, axial forces and 
in-plane stresses are dominant in the longitudinal direction of 
the structure and the forces in the lateral and diagonal bracing 
members are considerably small. Consequently, a significant 
amount of saving can be achieved by using comparatively smaller 
cross-sections for the lateral and diagonal bracing members. 
The advent of computers has enabled structural engineers to 
analyse and determine forces in all the members of complex space 
structures. However, a variety of problems are encountered in 
the analysis of these structures. These problems include the 
considerable amount of computer memory and time required for the 
solution of large space structures. To reduce the computer 
memory and time for the solution of large sets of simultaneous 
equations, different characteristics of the structures and the 
properties of the stiffness matrices have been used. These 
involve methods of using symmetry and organisation of structural 
data such that the resulting simultaneous equations form a band 
of non-zero values around the leading diagonal of the stiffness 
matrix. 
Despite the availability of the current generation of computers 
with large memories and the advanced analysis techniques, large 
space structures cannot easily be analysed. The situation 
becomes even worse if composite triple layer grids are to be 
analysed due to the requirement of prohibitively large computer 
memory and time. As a result, it becomes necessary to explore 
the possibility of finding an approximate and efficient method of 
analysis which can overcome the problem. For an approximate 
method of analysis to be practically useful, it should be 
suitable for a quick and simple hand-calculation and/or can be 
programmed on a computer. Further, such a method is appreciated 
even more if it does not require computer resources. Therefore, 
a new method referred to as the 'girder analogy' is introduced by 
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the author in chapter 7 for the analysis of skeletal and 
composite triple layer grids. In addition, the use of different 
available approximate methods has been investigated for the 
analysis of composite triple layer bridge grids in chapter 8. 
The available approximate methods are: equivalent energy method, 
plate analogy and spring analogy. 
The girder analogy method is considerably simpler than the 
stiffness method both in terms of mathematical complexity and in 
terms of saving 'in computer memory and time. Using girder 
analogy method, the quick assessment of forces and deflections at 
selected points of the structures can also be determined 
conveniently by hand-calculation. This method is developed for 
the solution of skeletal and composite space structures supported 
along the two short edges or on the four corners. This method is 
particularly useful for the analysis of composite triple layer 
bridge grids where" both the uniformly distributed and 
concentrated types of loadings are involved. 
The results obtained from girder analogy and stiffness method are 
in good agreement with each other for a number of span/width and 
span/depth ratios. The agreement between the two types of 
results generally gets better both with the increase of 
span/width and span/depth ratios. Further, the two types of 
results show relatively better agreement with each other for the 
case of uniformly distributed loading. It should be noted, 
however, that the results obtained from girder analogy and 
stiffness method are reasonably close even for the case of 
concentrated loading. This is not the case for the some of the 
available approximate methods-which are either not applicable for 
the concentrated loading or show considerably large discrepancies 
as compared with the exact method. In addition to the comparison 
of the two types of results, chapter 7 also incorporates a 
discussion on the behaviour of skeletal and composite triple 
layer grids with respect to the variation in the depth and span. 
Chapter 8 discusses the behaviour of a practical composite triple 
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layer bridge grid with various slab thicknesses by using girder 
analogy and the comparison of these results with those obtained 
from the above mentioned approximate methods. Due to accuracy 
and reliability, the results of stiffness method are used as a 
basis of the comparison. The comparison of these results 
confirmed the accuracy and efficiency of the girder analogy as 
compared with the other three approximate methods. This is 
evident from the closest agreement of the results obtained from 
girder analogy and stiffness method in comparison with the other 
methods. This chapter also includes the derivation of equivalent 
plate rigidities for skeletal and composite triple layer grids 
for the plate analogy solution. 
Forces in most of the components and deflections decrease with 
the increase in slab thickness of the composite triple layer 
grid. However, the rate of change of forces and displacements 
becomes less when the neutral plane of the structure moves closer 
to the bottom fibers of the slab. A criterion is presented on 
the basis of girder analogy to determine an 'efficient continuum 
thickness' for composite double and/or triple layer grids where 
no part of the concrete slab is subjected to tensile stresses. 
Similar criterion is also established on the basis of plate 
analogy approach. 
The results presented in chapter 8 show three important points: 
Firstly, the top layer skeletal member forces decrease at a much 
faster rate than the change in the continuum contribution towards 
the overall stiffness of the structure. It follows that the 
contribution of top layer skeletal members towards the overall 
stiffness of the composite structure decreases with the increase 
of the slab thickness. Therefore, for relatively thicker 
continua there is no significant difference in the behaviour of 
composite triple layer grids with or without top layer skeletal 
members. Secondly, even though the continuum thickness is small 
and its individual contribution to the load carrying capacity is 
less than 20% of that of the overall structure, it plays a vital 
role in relieving a significant amount of critical stresses from 
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the top layer members. This finding differs with a claim by 
Bellamy[2] who states that it is not useful to include sheeting 
into the analysis if the individual contribution of the cladding 
is less than 20%. of the overall stiffness of the structure. 
Consequently, the separate treatment of the skeletal frame and 
continuum can lead to 'a -less accurate solution and relatively 
uneconomical design for a composite space structure. Thirdly, 
the flexural stresses in plate elements increase with the 
increase of slab thickness which contradicts one of the 
conclusions drawn by Al-Bazzaz[1]. I 
The final chapter of the thesis contains a number of conclusions 
and some suggestions for future investigations. 
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CHAPTER 2 
LITERATURE REVIEW 
2.0 INTRODUCTION 
Over the last three decades a considerable amount of work has 
been carried out on the analysis and design of the skeletal and 
the continuum types of space structures, dealing with their 
linear and non-linear behaviours. Makowski[29] and 
Zienkiewicz[56] pioneered the research on skeletal and 
continuum types of structures, respectively. Composite space 
structures have a much recent history and in particular 
reliable data on composite triple'layer grids are practically 
non-existent. Nevertheless, the research carried out on 
skeletal and shell types of space structures is undoubtedly of 
relevance to this work. 
This chapter presents a critical review of a recent literature 
related to composite space structures. Composite triple layer 
bridge grids are'proven to be rigid, therefore linear methods 
of-analysis are considered sufficient for the solution of these 
structures. A discussion of various methods of analysis used 
for different types of space structures is also included. The 
stiffness method of analysis and the associated computer 
programs developed will be described in the next chapter. 
Composite space structures are` more rigid and have better 
stress distributions than the comparable skeletal ones. Both 
double and triple-layer grids consist of members whose most 
significant stiffness is axial. The top layer members of 
rectangular skeletal space structures are generally subjected 
to critical compressive stresses under the normal loading. 
However, the introduction of top sheeting or slab as an 
integral part of the structure results in a general decrease of 
forces and deflections. Particularly, the top layer forces 
decrease at a much faster than the increase in overall 
stiffness of the structure with the increase in the continuum 
thickness. It follows that a more balanced and economical 
design of the skeletal frame can be achieved by considering 
continuum as an integral part of the structure where no longer 
r 
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the design of skeletal members will be based on the buckling of 
the top layer members. 
The literature review has been divided into the two sections. 
First, the previous related work on composite space structures 
is reviewed in section 2.1. And, second different methods of 
analysis used for these structures are discussed (section 2.2). 
This chapter is concluded by a discussion showing that a 
considerable amount of work is required for the understanding 
of composite triple layer bridge grids (section 2.3)" 
2.1 BACKGROUND TO COMPOSITE SPACE STRUCTURES 
This section includes a critical review of the related work on 
composite double layer grids (with or without the top layer 
skeletal members) where the continuum is provided as an 
integral part of the top layer (section 2.1.1), triple layer 
grids (section 2.1.2) and special types of composite space 
structures (section 2.1.3). 
2.1.1 Double Layer Grids 
Double layer grids are among the most widely used space 
structures. In this section the behaviour of those composite 
double layer grids is discussed where the top or outer layer 
continuum elements have been considered in sharing compressive 
forces. 
Makowski[29] in 1964 'conducted an extensive survey of the 
different types of space structures including their properties 
and advantages and the different joint systems used in the 
construction of these structures. In addition to emphasizing 
on skeletal systems of space structure, he also points out 
various advantages of the stressed skin sheet space structures. 
One of Makowski's important conclusions on composite space 
structure is that the sheeting covering the prefabricated 
skeletal units and acting as the roof cover proper can be used 
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at the same time as an integral part of the structure relieving 
the stresses in the component pyramids units. 
Castillo[7] in 1966 was among the first to extend the concept 
of space structure to the composite space structure. He refers 
to his system as 'Tridilosa' when it replaces a reinforced 
concrete floor slab and as 'Triditrabe' when it takes the place 
of a beam. Note that in the reinforced concrete design for 
bending the concrete is considered to resist compression only. 
Thus, the concrete provided below the neutral axis' of the 
cross-section acts only as a covering to the steel 
reinforcement which is supposed to take all the tension. The 
neutral axis may lie at approximately one third of the depth 
from the top of the section. 
Therefore, Castillo realized that almost two-third of the 
concrete could be saved, by combining concepts of the 
reinforced concrete design with space structure design, which 
was, otherwise, useless structural dead load. Using the usual 
steel reinforcement bars needed for slabs, he decided to 
arrange reinforcement bars in the form of a two-way double 
layer skeletal grid. A thin slab was provided as a replacement 
of the top layer of double layer grid to take care of 
compressive forces whereas steel bars were arranged in the 
bottom layer and the bracings to resist all the tensile and 
shear forces. A typical part of Tridilosa system is shown in 
Fig 2.1.1a. 
To check the performance of the Tridilosa system, Castillo 
arranged the load tests on a double layer grid of 3.00m span 
with and without a concrete slab on its top layer. It was 
observed that load carrying capacity in the former case was 15 
times more than that of latter case where failure occured due 
to'buckling of the top layer skeletal members. 
Tridilosa system-has the disadvantage of lack of protection of 
the lower layer of steel against fire and corrosion. It also 
uses comparatively large amount of shear reinforcement. 
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However, these disadvantages are more than outerweighed by the 
considerable final saving in the amount of concrete and steel, 
greatly reduced dead weight and possibility of avoiding the use 
of formwork. Castillo[8] has developed his own method of 
analysis which he claims is capable of analysing elastic three 
dimensional structures. 
Bellamy[2] in 1969 investigated the effects of attaching 
roofing sheets to the top of a flat double layer grid. He used 
an experimental model to assess the accuracy of his finite 
element analysis and associated computer program. The model 
was a rectangular mesh (Fig-2.1.1b) and was loaded under a 
uniformly distributed loading. Three cladding distances were 
used; those were 2.5", 4.5" and 6" from the top grid, as shown 
in Fig 2.1.1c. Theoretical deflections of joints and member 
axial forces compared well with test results, but the stresses 
in the cladding did not show good agreement. 
Bellamy concluded by noting two major points: First, the 
cladding had little effect on the behaviour of the,. roof 
structure except when it was nearest to the roof. And, second 
the cladding, in general, had a little effect on the behaviour 
of, the steel structure roof. 
Bellamy on the basis of his investigations suggested that if 
the sheeting is not-strong enough to carry a reasonable portion 
of the applied load, -(say 20% across the span on its own) then 
there is little point in including its effect in the analysis. 
This would confirm the standard design office procedure of 
neglecting the effect of cladding. 
However, it will be shown in chapters 5 to 8 that sheeting 
covering of a structure does help to reduce axial forces 
significantly in the top layer members. These forces are 
critical in most of the cases. The redistribution of axial 
forces not only depends-on the amount of contribution which the 
top coverings of a structure provides to the overall stiffness 
'- li 
of the structure, bi 
plays a vital role in 
space structures are 
elements. It follows 
arm distances for the 
resulting forces in 
at the position of the neutral plane also 
it. ' The neutral planes of the composite 
found to. move towards the continuum 
that there will be relatively small lever 
top layer skeletal members and hence 
these members will decrease considerably. 
Investigations of Al-Bazzaz[1] in 1976 into the behaviour of a 
composite double layer grid led him to conclude that a 
reinforced concrete slab can be used as a replacement of the 
top layer steel skeletal members of a double layer grid. 
Al-Bazzaz extended the work of Castillo by conducting 
theoretical and experimental studies. Two experimental models 
were set up where the top-layer of thin steel space frame was 
replaced by perspex sheet and tested. The resulting 
observations were then compared with theoretical results 
obtained from stiffness matrix method of analysis. He 
represented the perspex sheet by four noded rectangular finite 
plate elements and steel tube elements by prismatic members in 
space. For compatibility of solution of equations, the plate 
element should have six degrees of freedom per node, therefore 
he considered its formulation as a combination of both plane 
stresses and bending action. But combination of in-plane and 
out of plane displacement functions results in five degrees of 
freedom, where in-plane rotation (Q ) is'mi'ssing. Equilibrium 
equations of such a structural-system cannot be solved because 
the structure stiffness matrix becomes singular for those nodal 
points where only coplanar plate elements meet each other. To 
overcome this singularity problem, Al-Bazzaz used a method 
suggested by Zienkiewicz[5 61. This method inserts a fictitious 
set of in-plane rotational stiffnesses, based on the fact that- 
the real in-plane rotational stiffness is very high in the 
plate bending. This does not affect the stresses and is 
uncoupled from all equilibrium equations. 
It was shown by A1-Bazzaz that the composite double layer grids 
are more rigid and they have better stress distribution 
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patterns than the comparable skeletal double layer grids. 
Hence, he suggested that the composite double layer grids could 
be used for comparatively large spans due to their potential 
load carrying capacity. 
Al-Bazzaz also presented a criterion to find out the critical 
slab thickness of a composite double layer grid which then was 
referred to as the 'effective section'. It was worked out in 
such a way that no part of the slab should come under tensile 
stresses. He derived the following formula which could be used 
to determine the critical slab thickness for an economical 
composite double layer grid: 
-A+ 
4A 
s 
2+ 
8N Ash 
s 
t° 
2N 
where 
t= thickness of slab 
A= area of steel section 
s 
N=E b/E 
cs 
E= Young's modulus of elasticity for concrete 
c Es= Young's modulus of elasticity for steel 
b= is the width of concrete slab 
Al-Bazzaz emphasized the importance of plate analogy and other 
approximate methods for the analysis of composite double layer 
grids; in addition, he showed the use of these methods for 
many practical examples of composite double layer grids. The 
results of these methods compared well with those of standard 
stiffness method, therefore he suggested that these methods may 
be used with ease for preliminary design of double layer grids. 
Al-Bazzaz also introduced a new analytical technique for the 
analysis of composite double layer grid which is referred to as 
'spring analogy'. This method together with the other related 
methods will be discussed in section 2.2. Following were the 
relevant conclusions reported by him: 
(1) That the non-existence of in-plane rotation parameter 
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6 in the plate analysis makes no apparent difference at 
z 
least for the flat composite double layer grids. This 
is confirmed by the reasonable agreement between 
theoretical and experimental results. 
(2) The plate thickness has an important influence upon 
strains in tube members and naturally in the plate 
itself. A decrease in thickness of the plate increases 
the axial and bending strains in the bottom layer tubes, 
and also increases the in-plane and flexural strains in 
the plate and vice-versa. 
(3) Considerable structural rigidity is achieved by using 
a reinforced concrete slab of practical and moderate 
thickness instead of the top layer steel tube grids. 
This is shown by a considerable reduction in the maximum 
deflection of up to 70% for a span of 100 feet. 
Increase in the slab thickness also reduces the stresses 
in the structure. 
(4) When the span is very short(number of panels is small) 
and the structure is very rigid, the external load is 
carried by a combination of shear and direct forces 
rather than by the bending action. The structure tends 
to behave like a slab in cases of larger spans, where 
the load is resisted by the bending action. 
(5) In-plane stresses in top slabs of composite double 
layer grids are much less than flexural stresses, but 
in-plane stresses increase rapidly than flexural 
stresses do in the larger spans. 
The present work differs with Al-Bazzaz's conclusion drawn on 
the variation of in-plane and flexural stresses in plate 
elements due to change in the thickness of slab. Contrary to 
the Al-Bazzaz's findings, it will be shown that flexural 
stresses in plate elements tends to increase with the increase 
in the slab thickness and that in-plane stresses are more 
dominant than the bending stresses for relatively thinner slabs 
and vice-versa (cf. sections 8.3.4&5). 
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Tatsa et al[48] in 1981 appreciated both the suitability and 
proven economy of the conventional double layer grids for long 
spans along with existence of many standardized commercial 
system. They, also, noted that there were at least two major 
areas in which further development 'can"lead to even greater 
economy in the double layer grids: First, that integration of 
the cover into structural system, not only as a load 
distribution as in the covering system but as a major component 
of the basic frame unit. And, second that a minimization of 
the need for the complex and special connections. 
Like Castillo[? ] and Al-Bazzaz[1], Tatsa et al replaced the top 
layer skeletal members of double layer grid with continuum 
elements. However, these authors used a hipped hyperbolic 
shape units made of 'ferrocement' instead of flat concrete 
slabs used previously. (Ferrocement is a relatively cheap 
material which can be readily formed, into suitable 
prefabricated shell components which are simple to transport 
and erect. ) A doubly curved hyperbolic shape was chosen for 
the ferrocement' unit and a two way-truss system or a space 
frame assembly was used for the supporting system (Fig 2.1.1d). 
Tatsa et al undertook theoretical and experimental 
investigations on a model of the composite double layer grids. 
Considering various boundary- and loading conditions, these 
authors used three methods for the analysis of the model. 
Membrane theory and finite element method (using a program 
package, SAP 4) were employed for the analysis of shell unit, of 
the model. Analysis of the entire structural system were 
conducted using matrix methods involving standard _3-D 
bar 
elements and the equivalent stiffness `matrix for the shell 
elements by converting shell unit to the equivalent elements. 
Experimental observations made by Tatsa et al were not 
consistent with theoretical predictions. They noted that the 
classical membrane theory failed to predict the shell stresses. 
The other two methods could not yield good results because of 
lack of adequate computer software. Nevertheless, they 
[4 
observed that the finite element method of analysis had the 
greatest potential for the analysis of such structures. It 
appears that discrepancies between the two types of results is 
mainly due to separate treatment of the two components of the 
composite than any deficiency in the methods themselves. 
The same year Makowski[35] reported a critical review of recent 
developments of space structures in Mexico. He discussed a 
later modification introduced in the construction of 
multi-storey buildings where the Tridilosa system developed by 
Castillo[7] had been used for floors. In this case, the three 
dimensional array of reinforcing bars was welded together into 
a light, but rigid two-way double layer grid and then a 5cm 
thick layer of concrete was poured over the bottom layer on 
specially prepared bed at ground level. After the concrete 
hardened, the composite double layer grid units were lifted up 
and rotated by 180 degrees in the air, one by one, by a crane 
so that concrete slabs assumed their top positions and finally 
moved into the structure at the required levels of the 
building. It was claimed by the design engineers that savings 
up to 60% had been achieved in this type of structural 
construction in comparison with conventional reinforced 
concrete construction. The composite two-way double layer 
grids as described above has been used for spans up to 15 
metres. For larger spans, the Tridilosa system can be modified 
by using inverted pyramids and interconnecting them together, 
the top pyramid sitting on the apex of the bottom one, 
providing increased structural height and permitting clear 
spans exceeding 30 metres. The -same concept has been used for 
the construction of large span highway bridges using composite 
triple layer grids, which will be discussed in section 2.1.2. 
Hong[20] in 1984 presented investigations on the behaviour of 
composite double layer grids. He replaced top layer steel 
members and sheeting covering of a double layer grid with 
precast reinforced concrete ribbed slabs and referred to it as 
the 'composite space-slab grid', Fig 2.1.1e. Basically 
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composite space-slab grids suggested by Hong are similar to 
composite double layer grids studied by Bellamy[2]. However, 
the latter used top layer steel skeletal members and sheeting 
as against concrete ribbed slabs by Hong. 
Hong suggested that the composite space slab-grid structures 
may be considered as a space truss stiffened by an elastic 
shell. In order to reduce time consuming and expensive 
computation work involved in the analysis of composite 
space-slab grid, the author employed the method of equivalent 
energy. This method was initially developed by Deakin[12] to 
analyse structures used in the radar engineering. The method 
of equivalent energy is based on the equivalence of strain 
energies of two static systems, e. g. a space frame and an 
elastic shell. The equivalent method will be discussed in 
section 2.2.2. 
By converting the top slab including ribs of the space 
slab-grid by method of equivalence into an equivalent 
pin-connected sub-frame (see Fig 2.1.1f), calculating the 
internal forces due to the integral bending of the whole 
structure according to the pin connected space truss analysis, 
and including the internal forces of top members due to local 
bending, Hong obtained the total force in each member of the 
composite slab-grid. 
Hong also carried out experimental investigations on a model to 
check the validity of the above method. The maximum error in 
deflections was found to be 22.7% from the theoretical 
solution. The author attributed this discrepancy to the extra 
rigidness of the joints of the model. 
A factor which may be less significant for composite space 
structures is the elimination of bending stiffnesses from the 
equivalent mathematical skeletal model used by Hong for shell 
elements. That is why, the resultant forces in the equivalent 
skeletal members (for top slab) were not satisfactory and the 
author had to add local bending effect in these members. 
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Soare et al[47] in 1985 presented an experimental investigation 
carried out on a full scale model of a composite diagonal on 
square double layer grid to study the behaviour of joints 
between top layer concrete slab panels and corresponding steel 
bracing members. The top layer of the double layer grid 
resulted from joining of reinforced concrete slabs of constant 
thickness of 30mm and two sets of concrete ribs. The steel 
gusset plates of 6mm thickness were provided to connect slab 
units with steel bracing members. The bracing and bottom layer 
members consisted of square steel frames each made up of 2 
channel sections. 
Soare et al used the stiffness method to analyse the composite 
structure by considering space frame analysis and replacing top 
layer concrete slabs and ribs by equivalent skeletal members 
using theory of equivalence. The simulation of the stiffnesses 
for the equivalent skeletal elements have not been discussed by 
the authors. It seems that they had used the similar stiffness 
values for the equivalent skeletal members as were employed 
initially by Deakin[12] and then by Hong[20]. 
One of the many advantages of the composite structures 
indicated by Soare et al was their relatively less cost of 
construction. They observed that though the own weight of the 
roof was increased by 27%, the steel consumption was reduced by 
22%, compared with steel structure. Hence, the total cost of 
the composite structure was 1.2% less than that of the similar 
size of the skeletal steel structure. The authors found that 
the behaviour of the assembly was quite satisfactory. Their 
investigations demonstrated that joints, which are an essential 
element of any structure, behaved very well; the introduced 
compressive forces did not affect them. Furthermore, half 
gusset plates, which were used for joints, ensured a better 
contact. No local crushing or cracking of concrete was found 
near the joints or elsewhere in the slab. The testing of 
joints further showed that the composite structures can be 
fabricated and erected under normal working conditions. 
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2.1.2 Triple Layer Grids 
This is an emerging field and the literature is not as 
extensive as that for the previous section. Nevertheless, it 
is useful that one looks into a little literature available on 
the skeletal triple layer grids to understand their behaviours 
and various possible configurations, which then may be helpful 
to anticipate the behaviour of composite triple layer grids. 
The first notable paper on the structural behaviour of triple 
layer grids was presented by Bunni & Makowski[4] in 1975 at the 
second international conference of space structures. They 
noted that a logical extension of double layer grids for 
covering larger spans was a triple layer grid, consisting of 
the top, middle and bottom layers, interconnected together to 
produce a light, but a rigid system. They reported that 
several structures of such types had been erected. Examples of 
some of the structures covered by triple layer grids have also 
been given by the authors. 
Bunni &Makowski used a computer program for the analysis of 
pin-jointed triple-layer space frameworks. They found, from 
analytical investigation on several different configurations of 
triple layer grids, that diagonal arrangement of the bracings 
in the top and bottom layers of triple layer grids showed 
remarkable rigidity even under concentrated loads and with 
corner supports. This type of bracings was thus chosen for 
detailed stress analysis for various loading cases and boundary 
conditions. They also studied the influence of the middle 
layer of the structure upon its stress distributions. The 
analysis showed that under uniformly distributed loading the 
removal of the middle layer grid produced instability of the 
whole structure. Thus, although middle layer grid was 
positioned in the middle plane of the structure and carried 
very small forces in comparison with the top and bottom layers, 
it had a fundamental function in providing restraint against 
lateral movements. 
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Furthermore in 1976, Makowski[32] provided an account of 
various possible interconnection patterns for triple layer 
grids, which were, subsequently, studied by Bunni et al[5]. 
Later detailed investigations by Bunni et al[5] presented in 
1980 on variousconfigurations of the triple layer grids showed 
that the instability of the structure due to removal of the 
middle layer was only associated with the diagonal arrangement 
in the top and bottom layers. 
This work on the composite triple layer grids has further 
revealed the importance and significance of the middle layer in 
load carrying and contribution towards the overall rigidity of 
the structure. It- will be shown in chapters 6-8 that middle 
layer members of the composite triple layer grids have to 
resist larger stresses in magnitude than the top layer members 
in most of cases and sometimes even larger than diagonal 
bracing members. The significant change in the behaviour of 
the two forms of triple layer grids is due to upward shift of 
the neutral plane in the case of composite triple layer grid, 
which is the direct result of the integral action of the top 
continuum. 
Makowski[35] has also reported a modified version of Tridilosa 
system (section 2.1.1), which has already been used for large 
span highway bridges. Some of the bridges has a clear span of 
55 metres. Makowski noted that large prefabricated units of 
skeletal triple layer grids were constructed in the workshops 
and sent on special articulated lorries to construction site. 
After interconnection of the units, the triple layer grid 
skeletal system was rolled over the reinforced concrete 
abutments into the final position. 'Plywood panels were fixed 
under the top layer and concrete slab was produced as an 
integral part of the structure. The main advantages of this 
form of construction are the lower cost and the remarkable 
speed of erection without involving the costly formwork. 
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King et al[25] carried out experimental investigations for the 
design and construction of spatiostructural bridges for rural 
roads of Mexico, used three-dimensional space trusses. The 
structures, arranged as triple layer grids, were assumed to 
behave linearly. One unit of each structure was made up of two 
rectangular base pyramids which were opposite to each other in 
the vertical plane and joined by their vertices. A cast 
in-situ concrete slab of approximately 15cm was placed in such 
a way that upper chord skeletal steel members were embeded in 
it. This concrete deck slab was not only found to act as a 
floor deck of the bridge but also helped to share the forces in 
the top chord. Figure 2.1.2 shows various pictorial views of 
different stages during the construction and erection of one of 
these bridges. King et al found it desirable to use such type 
of composite structures in their bridges due to their many 
advantages. Some of the advantages mentioned by these authors 
are already discussed above (Makowski[35]). 
Strain gauges were used to evaluate stresses in the different 
parts of these bridges. King et al installed these gauges in 
some cases at cutting and welding stage of the steel members to 
register the influence of stress variations produced due to the 
effect of assembling and erection. After completion of the 
construction, and before the instrumented bridge was put into 
operation, load tests had been carried out with heavy loaded 
trucks parked in the critical positions of bridges. The 
results of these load tests on actual prototype bridges 
revealed that measured stresses were lower than those 
calculated on the assumptions that the load displacement ratio 
is linear and displacements produced are relatively small. The 
authors claimed that the experimental investigation on actual 
structure was a reliable way to anticipate the actual behaviour 
of the designed construction. 
It appears that King et al relied mainly on the experimental 
stress analysis technique. No clue was given of the method of 
analysis used. Further, the authors have not discussed the 
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behaviour of the structure. Consequently, there is a lack of 
understanding of structural behaviour of composite triple layer 
grids, therefore a considerable amount of research effort is 
required in this field. 
2.1.3 Other Type of Composite Space Structures 
Chambers et al[10] in 1975 proposed a composite structure as an 
alternative to welded stiffened plating and referred to it as 
'braced double-skin structure'. It consisted of two outer 
skins (thin steel plates) with a bracing between the skins of 
inclined rods which were continuous in one direction. The 
structure was tested up to buckling under single axial point 
and uniformly distributed loads. The structure was also put to 
test for shear and pure bending forces. 
Chambers et al used both space frame and finite element 
analyses to compare their experimental results. In finite 
element analysis, panel skins were divided into square plate 
elements by the nodes formed where core members met the skin as 
shown in Fig 2.1.3a. Core members were treated as beam 
elements bounded by nodes at the skin/core interface. While in 
the space frame method of analysis, panel skins were 
represented by discrete strips joining the nodes transversely, 
longitudinally and diagonally (see Fig 2.1.3b) which were 
treated like beam elements in space. Core members were also 
considered as beam elements with six degrees of freedom per 
node. 
Earlier in 1971, the approach of converting plate elements into 
equivalent skeletal elements for the analysis purpose was 
initially used by Chambers[9]. It is not clear that any 
particular criterion was adopted for this technique. Chambers 
decided (due to easy availability of space frame analysis) to 
approximate the skin panels as nearly as possible by space 
frame members. He suggested that a further analysis could be 
made with confidence using a panel geometry of very many more 
nodes if the assumption made for the skin approximation were 
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reasonably accurate, which may be gauged from the comparison of 
results from this method with those of finite element analysis. 
Figure 2.1.3c shows details of skin simulation for skin panels 
used by the author. 
Structural analyses using computer programs based on the above 
mentioned technique revealed a good agreement on the primary 
stresses in the core members to Chambers et al[1O]. They found 
that the space frame analysis was not applicable to the skin 
stresses near the joints and an extension of finite element 
program would be required to resolve this problem. However, it 
was suggested by the authors that an optimization of the 
structural layout could be explored more economically using 
above mentioned three dimensional space frame method than the 
finite element approach. 
Ishakian[21] in 1980 used the finite element method to evaluate 
the experimental investigations which he carried out on the 
three small scale models. To analyse composite space 
structures, he used a combination of line and plate types of 
elements. The plate element in this investigation was a four 
noded rectangular one. The line element was considered that of 
a two ended member in space, having six degrees of freedom per 
node (three translational and three rotational deformations, as 
shown in Fig 2.1.3d). For the compatibility of a solution for 
the system of equations the plate element in space should have 
six degrees of freedom per node, and this was achieved by the 
uncoupled combination of in-plane degrees of freedom (u, v, 0) 
z 
and out of plane bending action (w, 0'0) as shown in Fig 
2.1.3e. xY 
However, most thin plate finite element formulations include 
only two translational degrees of freedom for the plane stress 
analysis (u and v) and neglect the in-plane rotation 6, 
z because there was no unique value of such rotation (apart from 
a rigid body movement) at a point in a two dimensional 
continuum. Hence, combining such formulations of plane stress 
(u and v) with the bending action (w, 0&8) results in an 
xy 
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element with only five degrees of freedom per node. 
To overcome the singularity of stiffness matrix, which arises 
due to omission of in-plane rotation in plate elements, 
Ishakian considered a method proposed by Zienkiewicz[5 6] and 
used by Al-Bazzaz[1] (section 2.1.1). Ishakian found this 
method lacking in one important aspect, in-plane displacement 
field has two degrees of freedom whereas the bending 
displacement field has three degrees of freedom. This made it 
difficult to use the same shape function for both the in-plane 
stress and out of plane plate bending analysis. Since Ishakian 
also provided continuum elements to reinforce diagonal bracing 
members of the structure, therefore he considered the 
observation of William[51]. William stated that the difference 
between the functional variations of the in-plane displacement 
field and the transverse field leads to gross violation of 
conformity between adjacent elements which do not lie in the 
same plane. 
Consequently, Ishakian used a formulation for rectangular plate 
elements developed by Scordelis[46], which not only involves 
the same shape function for in-plane and out of plane actions 
but also solve the problem of non-conformity between the 
adjacent elements. At each of the four nodes the in-plane 
rotation e has been taken in this formulation as the average 
z 
of the rotations of the two adjacent sides of the element at 
any particular node as: 
19z °1 /2[ v/ x- au/ýy] 
There are some other formulations which include the in-plane 
rotation 0z as a degree of freedom developed by McLeod[37], 
Tocher & Hartz[50] and Pole & Felippa[39]. 
Ishakian also carried out the investigations on the models 
involving non-linear approach, which is beyond the scope of the 
present work. He showed that the linear solutions to 
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analytical models compared well with those of experimental 
ones, overall agreement was generally good. It was found, 
however, that the relative stiffness of the two component parts 
of the composite structure did influence the degree of 
correlation between the analytical and experimental solutions. 
He attributed the discrepancies between the two types of 
results to the eccentricity of the continuum elements, which 
was not considered in the analysis. 
Ishakian observed that the double layer grid structure, with 
the bottom layer manufactured from a continuum which was 
connected to the top skeletal layer by' diagonal members, did 
not show any significant improvements in the behaviour of the 
structure when the size of either the top or the bottom layers 
of the space structure were varied. The most economical system 
was achieved when the stiffness of the top and bottom layers in 
the structure was the same as well as when the cross-sectional 
areas of the top members were not greater than three times 
those of the diagonal members joining the top and bottom 
layers. 
Ishakian and Holloway[22] in 1984 have used the finite element 
method to examine the behaviour of a glass reinforced polyester 
composite double layer grid. The double layer grid consisted 
of continuum plates which were manufactured from randomly 
orientated glass fibre in a polyester resin and skeletal 
members which were fabricated from pultrusion technique. The 
double layer grid was a two way system (Fig 2.1.3f) arranged at 
the top and bottom levels of the vee shaped continuum. 
Further, diagonal members were provided in the plane of the 
continuum. The authors using finite element in conjunction 
with stiffness method carried out the analysis of the structure 
in two stages: First, that the analysis of the continuum and 
skeletal components as two independent structural systems and, 
second the solution of the two components as one composite 
skeletal continuum structural system was considered. 
The above analyses were conducted by Ishakian & Holloway to 
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study the comparative stiffness of the two independent systems 
and the relative contributions of the continuum to the 
stiffness of the composite continuum/skeletal structure. In 
the second part of the analysis, three thicknesses (3.0,6.0 
and 10.0mm) of the continuum plate were taken while the 
dimensions of the skeletal members were kept constant. The 
results suggest that as the thickness of the continuum 
increases the axial forces in the skeletal members decrease 
which indicates that there is a redistribution of strains and 
stresses between the two components of the composite structure. 
Ishakian and Holloway concluded that when a double layer 
skeletal system is combined structurally with a continuum 
system the stiffness of the composite structure is improved 
considerably and the reduction in deflections of the structure 
is as much as 50%. So a plate or a continuum performs two 
significant functions in a composite structure, first to act as 
a roof covering and second as a stressed skin system. 
However, the present survey of composite space structures has 
shown that a more appropriate position, at which a continuum 
may be provided, is in the compressive zone of a structure, 
i. e. where compressive forces are dominant. The stress 
distributions in double layer grids, under the vertical 
downward loads in most of the cases, suggest that the critical 
position which requires reinforcement by continuum plates is at 
the top layer. The provision of the continuum in the 
compression zone of a space structure results into a better and 
more useful stress distribution, in addition to reduction in 
deflections of the structure. However, the arrangement of 
continuum used by Ishakian & Holloway may be beneficial in 
certain cases, e. g., when stresses are dominant in the diagonal 
bracing members of a double layer grid. 
Zhao et al[53] in 1984 presented an investigation on the 
analysis and behaviour of composite space structures which is 
referred to as a 'sheet-framed space structure'. The authors 
used finite element method to analyse the composite structure 
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which consisted of three noded triangular shell and two ended 
prismatic elements having six degrees of freedom per node. 
Zhao et al showed both by theoretical and experimental 
investigations that plate elements had a greater potential 
ability in resisting axial forces than skeletal elements. They 
recommended that the ability of resisting axial forces of slab 
or roof covering is significant enough to be considered in 
design practice by using composite analysis. 
A model of the sheet-framed parabolic cylindrical shell 
structure was manufactured from the synthetic glass with a 
scale of 1: 25 in over all dimensions and 1: 15 in sectional 
details by Zhao et al to investigate for the four different 
loading conditions. The simultaneous settlements of two 
diagonally extreme corner supports were also included as one of 
the loading conditions. At each end of a rib element, there 
are six joint deformations(&) and six related joint forces(F) 
as shown in Fig 2.1.3g. These can be expressed in the vector 
form as 
b=[uvwg 
xgy9z 
]T 
F=[XYZM MM 
xyz 
where u, v, w and 9ge are displacement components and z 
angular rotationsx in the, direction of coordinate axes x, y, z 
respectively, and X, Y, Z and Mx 'My, MZ are corresponding force 
components and moment vectors. 
As composite structures were composed of both plate elements 
and rib elements, Zhao et al introduced the concept of 
principal and subordinate degrees of freedom in computations, 
i. e. degrees of freedom of one or several joints of a 
structure are dependent upon the same or another joint. In 
other words, the total number of joint equilibrium equations in 
the system not only reduces significantly but the possible 
error due to numerical ill conditioning is also decreased. In 
this case, assuming the joints 0 and 0' (Fig 2.1.3g) lying in 
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the same yz plane, supposing 0' be a principal joint (which is 
a joint in the plate element) with its coordinate axes 9 ', g ' 
x 
and A' and considering 0 be a subordinate joint (which is 
ya 
z 
joint in rib elements) with its coordinate axes Ox, A and 0z, 
then at the principal joint 0' 
y 
dý a [u' v' W' e'A'A' 
xyz 
F' - [x' Y' Z' Mx'My'M' ]T 
z 
and at the subordinate joint 0 
T a= [u vwAgg 
xyz 
F [X YZ MX My MZ ]T 
The relationship between the two systems will be 
F a Aa1 
e 
T 
F 
It is apparent from Fig 2.1.3g that the transformation matrix 
becomes 
xa 
e 
1 0 0 0 -e e 
z 0 1 0 e 0 
0 
z 
0 0 1 -e 0 0 
Y 
0 0 0 1 0 0 
0 0 0 0 1 0 
0 0 0 0 0 1 
Therefore, the principal joint forces become 
TF= 
ýTK ö'=K'6 
eee 
where ey and e are projections of the distance between joints 
z 
37 
0 and 0' on y and z axes, respectively. K expresses the 
stiffness matrix of an element at the subordinate joint, and K' 
expresses the modified stiffness matrix of the same element at 
the principal joint after transformation. 
K' aXTKX 
ee 
The above relationships between principal and subordinate 
joints are used in the present work to deal with member 
eccentricities in the horizontal and vertical planes of space 
structures (section 3.4). 
Zhao et al[53] made a comparison of theoretical and 
experimental results which indicates that the discrepancy 
between the two types of results, in certain cases, is as large 
as 30%. But in the most cases, both types of results look 
fairly close to each other. They concluded that sheet-framed 
space structures were stiffer, stronger, and more reliable in 
behaviour than conventional skeletal space structures because 
in such structures slab or roof covering carry a significant 
share in resisting forces. 
2.2 14ETHODS OF STRUCTURAL ANALYSIS 
According to Makowski[34], stress distributions in structures 
can be analysed by using either direct or indirect methods. In 
the direct method the real structure is studied in its loaded 
conditions. In the indirect method the real structure is 
replaced by an equivalent medium, e. g. a grid, plate or shell. 
If the relationship between the analogous and the actual 
structure is obtained, then it is possible from the indirect 
solution to determine the stress distributions in the real 
structure approximately and speedily. There are numerous well 
known techniques used in the above mentioned methods. Some of 
these methods are shown below in Table 2.2.1 together with 
comments on which of them are particularly relevant to the 
analysis of composite space structures. 
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and Ishakian[21] who have used this method to analyse composite 
space structures. ) However, because of the demand of 
considerable computer memory and time, sometimes designers use 
other methods as a preliminary step, using stiffness method 
only in the final analysis. 
2.2.2 Equivalent Energy (Method 
Deakin[12] in 1969 showed that it is possible to represent a 
shell by an equivalent frame. Thus, the analysis of either a 
skeletal frame or a shell requires the formulation of the same 
type of member stiffnesses. It is shown by Deakin that it is 
possible to construct frames which are mechanically equivalent 
to an elastic shell or an elastic solid. The mechanical 
equivalence means that the two systems, e. g. an elastic shell 
and equivalent skeletal frame, have equivalent strain energies. 
This is the case both when the shell or solid is under 
specified loading and specified constraints. It follows that 
where a composite structure is to be analysed which consists of 
a skeletal framework attached to an elastic shell or solid, the 
shell or solid may be directly replaced by its mechanically 
equivalent frame. Consequently, a considerable amount of 
computer memory and time required for the formulation of plate 
element stiffness matrices can be saved. 
Equivalent frames for shells or solids can be built up by 
juxtaposition of a collection of identical sub-frames. In 
general, accuracy of representation of a shell is obtained only 
if a large number of sub-frames is used, that is, when the 
linear dimensions of the sub-frames are small in comparison 
with those of the equivalent frame. The sub-frames considered 
here are rectangular parallelepipeds. 
Supposing the respective strain energies of two static systems, 
an elastic body (a shell or solid) and a space frame, are 
expressed as 
M=M(m 
i 
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F= F(fi) 
in which 
i=1,2, ------, n 
mi, fi = 
, 
the displacement vector of the ith node 
of the elastic body and the space frame, 
the static characteristics of the elastic body and the space 
frame are mechanically equivalent under equivalent loading, 
provided that number of nodes is sufficiently large and 
F(fi) a M(mi) for all fi, mi 
(2.2.1) 
when fi = mi (i°1,2, ----- n) 
If a space frame and an elastic body are subdivided into 
certain number of equal sub-frames and equal elastic elements, 
then the strain energy of the elastic element, M', can be 
expressed approximately in terms of the displacements as 
M' M'(m 
Similarly, the strain energy for the corresponding sub-frame, 
F', can be defined approximately as 
F' = F'(fi'). 
Where the primes denote quantities associated with the elastic 
element and the sub-frame only. Since, the strain energy of 
the elastic body is approximately the sum of the energies M' 
for the elastic elements, and the strain energy of the frame is 
approximately the sum of the energies F' for the sub-frames, 
the condition of mechanical equivalence between two systems is 
satisfied if 
= M'(mi') 
(2.2.2) 
when f'=m' 
ii 
provided that the elements or sub-frames are sufficiently 
numerous. This is to say, the problem of equivalence of whole 
structure will correspond to the equivalence of sub-frames and 
elastic elements. 
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According to theory of kinematic elasticity, the related 
deformations that take place in the vicinity of any given point 
of an elastic body are usually described by specifying the 
strain tensor; 
(e) ° (eij ); i, 3 = 1,2,3; eii ° eji 
Also, if a line joining any two points within an element is 
represented by (x y z) 
T 
when the stresses are zero, then the 
same vector becomes 
1/2 (e)+(ed)+2(I) (x y z) 
T+ (r1 r2 r3)T (2.2.3) 
after deformations, Joos[24]. Here 
(ed) denotes the diagonal 
matrix whose leading diagonal is the same as that of (e), (I) 
denotes the 3X3 unit matrix, and (r1 r2 r3)T is the 
contribution to the vector from rotation of the elastic element 
as a rigid body. According to the theory of elasticity, the 
strain density at a point within the elastic body is 
E (1-p) 
Ute--- )2_ (e11+e22+e33 
2(1+)1) (1-2p) 
(2.2.4). 
2(e11e22+e22e33+e33e11) + 1/2(e122+e232+e312) 
where 
E= Young's modulus, 
u= Poisson's ratio 
and e 
ij 
the element in the ith row & jth 
column of the matrix (e). 
In case a parallelepiped 
from an elastic body and 
(i=1,2,3) is hi, then the 
element will be given as 
M' = h1 h2h3U 
element (as described 
the dimension parallel 
elastic strain energy 
(2.: 
above) is taken 
to the ith axis 
of the elastic 
?. 5) 
and it follows that M' can be expressed in terms of either the 
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ei or the mi'. Similarly, F' can be expressed in terms of 
ei her the ei or the fi'. Thus, equation 2.2.1 can be written 
as 
F'(Qij )= M'(eij) (2.2.6) 
When the sub-frames are identical, symmetrical and small, and 
the equivalent loads are assumed to be derived from continuous 
differentiable functions, equation 2.2.6 becomes the necessary 
and sufficient condition for mechanical equivalence of the two 
systems. Deakin noted that however, a sub-frame associated 
with any kind of discontinuous loading, such as an isolated 
attachment to a main framework, cannot, of course, satisfy the 
above condition. 
For deriving the equivalent pin-connected sub-frame model of a 
solid's element on the basis of the above theory, Deakin 
considered the sub-frame shown in Fig 2.2.2a. This sub-frame 
is rectangular, has eight joints on the corners only and twelve 
external diagonals which do not meet at a joint. Supposing 
that Li, Kip AL 
iare 
the lengths before deformations, the 
stiffness and the displacement increment of the ith member, 
then the strain energy of the equivalent sub-frame will be 
1 24 
F' =-E AL 
i2K 
(2.2.7) 
2 i=1 
Substituting the different vectors of each member of sub-frame 
into equation 2.2.7 and supposing K1 is the stiffness of each 
non-diagonal member and K2 of each diagonal member, the 
following equation can be obtained. 
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1 
_22222 
2ý 
F, 4K1ýh1 e11 +h2 e22 +h3 e33 + 
2 
2+2 ý2+h 
2h 2e 2 (h1 e11+h2 e22 12 12 
4K + 
h2+h2 
12 
4 
22222 (h2 e22+h3 e33)+h2 h3 e23 
h2+h2 
23 
22 `2 222 (h1 e11+h3 e33) + h1 h3 e13 
li 
h2+h2 1J 
13 
Comparison of the coefficients of 
+e (e11 
22 
2+e33 2) 
(2.2.8) 
(e11e22+e22e33+e 
11e33ý 
2+ 2+ 2 (e12 e23 e31 
on the right hand sides of equations 2.2.8 & 2.2.5 is possible 
if and only if, h1=h2=h3=h(say). When this condition is 
satisfied, the right hand side of equation 2.2.8 is identical 
with that of equation 2.2.5, if 
2(K1+K2)h2 
2Q 
Eh 
3 
3(1 
-i) 
2(1-2)1)(1+») 
That is, the mechanical equivalence 
satisfied only if 
h1=h2=h3=h 
K1-1/2K 
2= 
Eh/10 
}.. = 1/4 
(2.2.9) 
of equation 2.2.6 is 
(2.2.10) 
Deakin noted that the above results can be applied directly in 
the cases, where the bending stiffness is negligible, that is, 
the solid is transformed into a thin shell. It follows that 
the thickness of the shell corresponds to the dimension h3 in 
Fig 2.2.2a. For a thin shell, the shear and compressive 
stresses in planes perpendicular to a tangent plane to the 
neutral surface are assumed to be negligible. This implies 
that 
e23e13 -º 0 
(2.2.11 ) 
e33 =-- (e11+e22) 
0 -}i) 
The simplest way to calculate the energy of the corresponding 
rectangular sub-frame of a thin shell element is to assume that 
h3-. O in the right hand side of equation 2.2.8. Substituting 
the above values of equation 2.2.11 in equation 2.2.8 and 2.2.5 
and comparing coefficients of 
22 (e11 +e22 ) 
e12e22 
2 
e 12 
on the right hand sides of equations 2.2.8 and 2.2.5 gives 
h1 = h2 =h 
K1 =0 
3Eh3 (2.2.12) 
K 
2 
16 
p= 1/3 
As h3_--. _*0, the adjacent members in Fig 2.2.2a will combine 
together and a pin-connected sub-frame will be formed, as shown 
in Fig 2.2.2b. The stiffness of each of the six members equals 
3Eh3/8. 
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It is emphasized by Deakin that a plane array or sheet of the 
pin-connected sub-frames illustrated in Fig 2.2.2b forms a 
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singular frame, because there is no bending stiffness. The 
same is true of a cylindrical array, approximating a 
cylindrical shell. However, a spherical array forms a 
non-singular frame, and the same is in general true of an array 
which represents a shell of double curvature. 
However, Deakin also produced a mechanically equivalent 
sub-frame for the shell elements which include bending 
stiffness also. For this reason, the shell thickness is 
denoted by H and that of the equivalent sub-frame by h3. The 
dimensions hI and h2 are the same for both the shell element 
and the sub-frame and are parallel to the tangent planes, as 
shown in Fig 2.2.2c. Using the above method of mechanical 
equivalence, the members stiffnesses of the sub-frame can be 
obtained, by substituting h1=hz=h and u=1/3, as follows: 
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H3E 
K= K2 =2 
16h 2 
3 (2.2.13) 
3EH H2 h32 
K= 2K = (1 - -)(1 + -) 34 
16 3h32 h2 
As can be observed from Fig 2.2.2c, an equivalent sub-frame 
which will take bending action of the shell element will have 
28 skeletal members. The stiffnesses K1, K2, K3&K4 are 
designated to the members and are illustrated in the figure. 
However, involving so many members and nodes for the 
representation of thin shell elements may not be efficient, 
while the bending behaviour is known to be unimportant in most 
of thin shells used in composite space structures. Specially, 
pin-connected sub-frame representation for thin shell elements 
is found to be quite sufficient when the thin shell is attached 
to a main skeletal frame-work, e. g. in a composite space 
structure. 
There is one important divergence between the finite element 
method (which is considered relatively accurate) and the 
equivalent frame (strain energy) method. In the finite element 
method, any desired value of Poisson's ratio may be inserted 
into the equations, but in the equivalent frame method, the 
value of Poisson's ratio is dictated by the choice of frame. 
This can introduce an additional source of error, because the 
Poisson's ratio of the material of the structure may not equal 
that dictated by the chosen equivalent frame. The mechanical 
equivalence of the frame approximates strictly when the 
material has a Poisson's ratio of 1/4 for solids and 1/3 for 
shells. Nevertheless, the choice of equivalent sub-frames for 
thin shells provides simplicity and economy in the analysis of 
composite space structures. 
The method of representing a shell by mechanical equivalent 
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sub-frames has been used by Hong[20] and Scare et al[47] for 
the analysis of composite space structures, in addition to 
Deakin who employed it to deal with the structures used in the 
radar engineering. Hong as well as Soare et al backed up their 
analyses by experimental investigations. In both the 
investigations, the experimental results in general showed a 
good agreement with the theoretical ones. 
In this work, top slabs of composite triple layer grids have 
been represented by mechanically equivalent pin-connected 
sub-frames. The stiffness of equivalent sub-frames have been 
incorporated with the stiffness of main skeletal frame. The 
results obtained from this method showed a close resemblance 
with the exact method (see chapter 8). 
2.2.3 Plate Analogy 
In the plate analogy approach a structure is treated as a 
continuum. The main advantage of plate analogy is that, having 
known the general equation, of deflected surface of the 
equivalent plate, it is easy through successive differentiation 
to obtain general expressions for moments and shears for any 
point'of a structure denoted by coordinates x and y. The 
forces and deflections can be achieved at any selected point of 
the structure, without setting up all the equations and the 
necessity to solve them as is the case for conventional 
techniques, Makowski[34]" Plate analogy solutions can also be 
used by hand-calculations for the quick assessment of forces in 
a structure. 
Timoshenko and Woinowsky-Krieger[49] in 1959 derived the 
general differential equations for the deflected surfaces of 
both the isotropic and anisotropic plates. Navier and Levy 
type solutions were used to obtain deflections from these 
differential equations. They also showed the implication of 
the plate theory for a rectangular single-layer grid which was 
made out of two-way rigid rectangular beams, by considering it 
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a special case of orthc)tropic plates. The average values of 
the bending and torsion st. iffnesses were considered in this 
derivation. The two-way rectangular grid was assumed to be 
under the influence of uniformly distributed loading and it was 
considered to be supported all around the boundaries. 
Further, Timoshenko and Wkiinowsky-Krieger produced solutions of 
the differential equationr1 for deflected surfaces of isotropic 
plates having different boundary conditions and under the 
influence of uniformly diritributed loading. Both Navier and 
Levy types techniques 'Were invariably used to solve the 
differential equations. These solutions may be applied to the 
grids which have beams of eimilar rigidities in all directions. 
The grids with moderate rnnisotropies may also be considered as 
isotropic equivalent platoo. 
The same year Jaeger & H1, nry[23] suggested the analysis of 
single-layer rectangular diagrids by using anisotropic plate 
theory. 
Wright[52] in 1966 was among the first to extend the concept of 
plate analogy to the analysis of double layer grids. The 
procedure suggested by 111m for the treatment of skeletal 
framework as continuum Involves first dealing with an 
equivalent continuum, polIr3essing properties like those of the 
framework, and then tranr, posing results from the continuum 
analysis to the frame. It, follows that it is necessary only to 
determine the properties of the equivalent continuum and the 
functions for transposition of continuum stress resultants to 
the frame to establish q continuum analysis for the space 
frame. Stress resultants for most of the equivalent plates may 
be readily determined by using available plate theory's 
solutions. Some special problems do arise because of the 
anisotropy or non-homogent1lty that is found in most practical 
space frames or shells. Where variations are modest, solutions 
for isotropic behaviour can probably be used effectively. 
Wright derived the effeet; ive rigidity of the equivalent 
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continuum for three-way double layer grids and produced the 
formulae expressing the relationships between the axial forces 
in the real skeleton framework and the stress resultants of the 
equivalent continuum. 
The approach of Wright has been extended to two-way double 
layer grids by Margarit & Buxade[36] in 1972. They expressed 
the formulae to determine axial forces in the various 
components of two-way. double layer grids by using continuum 
analogy. Like Wright, they also suggested the effective 
rigidity for the two-way double layer grids. The effective 
rigidity can be employed in plate analogy to determine 
deflections and stress resultants, such as moments and shear 
forces, at the selected points of the structure. 
Makowski[34] in . 1981 suggested a simplified approach for the 
quick assessment of axial forces in double layer grids. He 
found that axial forces in the top and bottom layers of a 
double layer grids can be obtained in an approximate way by 
dividing the bending moment (M, determined for.. the equivalent 
single-layer grid from the plate analogy) by the structural 
height of the double layer grid. The forces in the diagonal 
bracing members (in the vertical plane) can be achieved for the 
appropriate points of the equivalent single-layer grid taking 
into account the angle of inclination of the diagonals. The 
value of the second moment of area I (which is required to 
determine equivalent flexural rigidity EI for the plate 
analogy) of a lattice double layer grid has also been expressed 
by Makowski as 
AT AB 
2 I 
approx 
=-h (2.2.14) 
A+A 
TB 
where 
AT is the cross-sectional area of the top layer members 
AB is the cross-sectional area of the bottom layer members 
h is the structural height of the double layer grids. 
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The above formula assumes that the effect 
vertical bracing members As completely 
Makowski & Howley[28] as early as in 1957 
determine equivalent second moment of 
trusses, which does include the influe: 
vertical bracing members. 
of the diagonal and 
neglected. However, 
derived a formula to 
area of plane lattice 
ace of diagonal and 
It may, however, be noted that Al-Bazzaz[1] in 1976 is the only 
one to use plate analogy for the analysis of composite double 
layer grids. He considered a flat structure made of two square 
parallel layers supported along the four sides and under the 
influence of uniformly distributed loading. The structure was 
assumed to be built of identical units, which means the 
isotropic plate solutions could be used. 
Al-Bazzaz also established the relationship to determine the 
equivalent flexural rigidity for-composite double layer grids. 
He found that the plate analogy method gives good results for 
the determination of in-plane stresses. He suggested that if 
the maximum shear force is less than the maximum tensile force 
in the bottom layer of a composite double layer grids, which 
was true for most of- the cases tried by him, then any 
preliminary design based on the maximum tensile force would be 
on the safe side. Further, he accepted slab analogy as, a great 
help in giving a fair idea of member sizes in the preliminary 
design of a structure. 
Renton[42,43,44,45] between 1965 and 1972, and Heki[16,17,19] 
between 1966 and 1986 used a different approach from 
Timoshenko[49] to obtain the governing differential equation of 
the deflected surface of a structure. Heki[17] remarked that 
the method to derive the differential equation from the finite 
difference equations by using Taylor's expansion is not a plate 
analogy method, but a direct method where the stress resultants 
and effective rigidities of the equivalent continuum are 
expressed directly. 
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Owing to the regularity of space structures, Renton[43] noted 
that the stiffness equations (relating loads at a joint to 
deflections of that joint and adjacent joints) for any interior 
joint of a structure can take exactly the same form as those 
for any similar interior joints. Then using Taylor's 
expansion, the stiffness equations, written in terms of finite 
difference operators, can be transformed into the single 
differential equation. This transformation involves 
approximations proportional to the square of the ratio of 
module dimensions to overall dimensions of the structure. 
Renton[43,44,45] succeeded in getting solutions for different 
configurations of double layer grids, where it appeared that 
the solution of the differential equation is simpler than the 
solution of the finite difference equations. For those 
structures equivalent rigidities were also found. 
Heki[16,17,19] also employed the same approach as was employed 
by Renton to analyse space structures having various 
interconnection patterns. 
Plate analogy, in common with other approximate methods, has 
difficulties in boundary areas of structures, particularly in 
corners which may be highly stressed portions of the plate due 
to shear stresses. Renton[451 in 1972 recognized the 
importance of boundary effects and difficulty in dealing with 
it. 
Makowski[30] discussing on Renton's paper in 1972 also drew the 
attention to the effects of boundary conditions, and confirmed 
that the plate analogy gives a good approximation for the 
central part of the structure. However, the discrepancy in 
shear forces from the exact method is much greater than in 
tensile and compressive forces and along the boundaries, where 
shear is critical, the slab analogy is of no help whatsoever. 
He specified ISM (square on diagonal) grids as a case, where 
the predicted values of shears by slab analogy may differ by 
more than 50% as compared with the analytical solutions. In 
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certain cases, depending on the type of bracings and 
configurations of the grid, the influence of boundary 
conditions could extend right into the centre of the structure. 
Heki[18] in 1975 confirmed the above observations, and added 
that, in general, this is due to the effects of anisotropy, 
effective rigidity, shear deformations and finiteness of mesh 
size. He showed that the effect of shear deformation in 
lattice plates is far larger than that in usual solid plates. 
He suggested that the width of boundary area in the case of 
double layer lattice grids, is of the order of magnitude of F1, 
where h is the depth of the structure and 1 is the span width. 
This suggested width of boundary area is much larger than that 
of solid plates which has been shown earlier in 1963 by 
Reissner[41] to be of the order t, where t is the continuum 
thickness. 
It is clear from the above discussion that the plate analogy 
can be used as a 'rapid mean to assess forces and deflections in 
a structure at selected points. This method is particularly 
useful for structures with large number of nodes and members 
where the exact method requires a considerable amount of 
computer time and memory. However, applications of slab 
analogy are restricted due to its limitations, such as boundary 
effects and in general relatively less accurate outputs. Thus, 
it cannot be taken as an alternative to the precise methods. 
Nevertheless, the plate analogy method of analysis can be a 
good asset for preliminary designs of structures leaving 
detailed investigations to relatively exact methods, e. g. 
computer methods based on the stiffness method. 
Another point which limits the application of the plate analogy 
is its slow convergence for the concentrated type of loadings, 
Makowski[31]. He pointed out that even the results obtained 
from laborious calculations, involving up to third and fourth 
order series of the plate equation, are not reliable. The 
results obtained from the continuum analogy, for a structure 
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under the influence of the concentrated loading, showed much 
higher discrepancies compared with the exact method. 
The use of plate analogy may be extended to the composite space 
structures as shown by Al-Bazzaz[1] by neglecting the 
anisotropic behaviour. The isotropic continuum solutions are 
available for structures under the influence of uniformly 
distributed loading and with various boundary conditions. They 
may be used for the analysis of a composite structure, if the 
anisotropic characteristics of the various components are 
negligible and the effective flexural rigidity of the 
equivalent plate can be determined. Neglecting the anisotropy 
in various components of composite triple layer grids the plate 
analogy has been employed by the author, where the structure 
was under the influence of uniformly distributed loading and 
with the two edges supported and the two others were free. The 
comparison of the results obtained from slab analogy and the 
other four methods will be discussed in chapter 8. 
2.2.4 Spring Analogy 
A1-Bazzaz[1] in 1976 assumed that the concrete slab of a 
composite double layer grid is resting on springs 
(see Fig 
2.2.4 ). It follows that the slab is related to the tube grid 
system by vertical stiffnesses only. He suggested that the 
analysis of a composite double layer grid could be carried out 
in two parts and he referred to this technique as the spring 
analogy. He claimed that by using spring analogy, the 
computation time for the analysis of composite structures can 
be decreased significantly. 
A1-Bazzaz analysed the skeletal system of the structure first, 
using computer analysis based on stiffness method, giving it 
the same boundary and loading conditions as the conditions were 
in the whole structure. The load attributed to each top layer 
skeletal joint was on a uniformly distribution basis. It was 
assumed that the slab has infinite in-plane and flexural 
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rigidities, which was achieved by giving the freedom, to the 
top joints (of the tubular frame of the composite double layer 
grid) to move in the vertical direction only. It follows that 
top joints of the skeletal frame were considered to be 
restrained in the lateral directions. Then after the analysis 
of tube frame only, the spring stiffnesses of the top joints 
were obtained by dividing the load at each top joint by the 
corresponding vertical nodal displacement. 
Afterwards, Al-Bazzaz analysed the plate alone under the same 
loading conditions, but adding to it structural stiffness 
matrix, i. e. the joint spring stiffnesses from the previous 
step in their proper locations. The finite element method was 
used for the analysis of plate. 
Al-Bazzaz showed that results obtained from the spring analogy 
method compared well with the exact method in the central zone 
of a structure. However, the results regarding negative 
bending moments, near supports of the structure, were not so 
good. Nevertheless, he suggested that the maximum positive 
bending moments, in most of the structures considered by him, 
were larger than the maximum negative ones. Thus the 
discrepancy in the prediction of negative bending moment could 
not affect the overall picture. 
As the above separate analysis of plate elements which were 
reinforced by spring stiffnesses would only give flexural 
stresses, so Al-Bazzaz suggested an approximate method to 
calculate membranal stresses in the slab. The determination of 
membranal stresses in the slab was based on the assumption that 
both axial forces in the bottom layer tube members and in-plane 
resultant forces in the slab are equal to one another at any 
section of a structure. 
It appears that the assumption of allowing only vertical 
movements of the top layer' joints of a multi layer ('e. g" 
double layer) space structures may produce ill conditioned 
system of equations. It follows that the spring analogy may 
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produce misleading results in such cases. For example, when 
the spring analogy was applied to analyse the composite triple 
layer grids adopting the above mentioned procedure with the 
normal boundary conditions and under the influence of uniformly 
distributed loading, the resulting forces and deflections were 
misleading. The normal boundary conditions mean that the 
supporting system which was applied for the other methods of 
analysis. However, when boundary conditions were changed, i. e. 
there were no external lateral restraints, the spring analogy 
produced reasonable results to some extent. 
It will be shown' in chapter 8' that spring analogy is not 
adequate to deal with the change in slab thickness of the 
structure. This method predicts almost the constant forces and 
deflections irrespective of the change in slab thickness of the 
structure. Therefore, results obtained from this method cannot 
be accepted untill they are verified by a reliable method, such 
as stiffness method. Further, one has to deal with a minimum 
two number of analyses for the solution of a structure using 
spring analogy, therefore Al-Bazzaz's claim of the saving in 
computer memory and time appears to be irrelevant. , It should 
also be noted that this method can only be used for those 
composite space structures where top layer skeletal members are 
replaced by relatively thicker continuum. 
2.3 CONCLUDING DISCUSSION 
The above literature review indicates that 
amount of work has been carried out in the 
and continuum type of space structures 
still a considerable scope for research 
structures. In particular, reliable dat, 
layer grids are practically non-existent. 
though a significant 
field of skeletal 
separately, there is 
on 'composite space 
3 on composite triple 
Many highway bridges have been constructed employing composite 
triple layer grids and they are successfully in operations. 
However, it can'be gathered from King et al[25] that the design 
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of these structures has been relied mainly on experimental 
stress analysis. Neither any experimental data have been 
presented in the above paper, nor any analysis technique or 
theory for the solution of these bridges is described. No 
doubt, the triple layer grids in highway bridges can play a 
significant role for covering large unobstructed spans with 
greater ease and less cost than the conventional highway 
bridges constructed in the reinforced concrete or steel. 
Furthermore, the use of composite triple layer grids in other 
structures can facilitate relatively larger clear spans. 
The above discussion clearly shows that there is a need to 
apply research efforts to understand the behaviour of composite 
triple layer grids, particularly as they are used in highway 
bridges. These structures in this context are referred to as 
composite triple layer bridge grids. Therefore, investigations 
have been carried out both theoretically and experimentally on 
composite triple layer bridge grids. 
The analysis of composite space structures is achieved by 
developing and using, a program based on standard stiffness 
method, where both the skeletal and rectangular thin shell 
elements having six degrees of freedom per node are employed 
(chapter 3). This program is also facilitated to deal with 
member eccentricities both in the vertical and horizontal 
planes of a structure. A program based on the pin-connected 
analysis is also developed involving the representation of 
shell elements as equivalent skeletal members using equivalent 
energy method (sections 2.2.2&3.5.4). To assess the validity 
of the assumptions employed in the analysis, a series of tests 
were performed on a-, model of the triple layer grid made of 
brass tube members initially and subsequently, reinforced with 
an aluminium sheet added to its top skeletal layer (chapters 4 
& 5). The experimental observations are generally in good 
agreement with theoretical predictions. The tests confirmed 
the great rigidity of these structures and the assumption that 
calculations for such structures can be carried out using the 
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linear analysis. 
Space structures in general consist of large number of members 
and joints. Therefore, the solution of space structures with 
stiffness method of analysis requires a considerable amount of 
computer time and memory-Particularly, the situation becomes 
worse if composite triple layer bridge grids are to be analysed 
due to the requirements of prohibitively large computer memory 
and time. Moreover, the analysis of large space structures 
involves relatively greater problem of ill-conditioned system 
of simultaneous equations. As a result, it becomes necessary 
to explore'the possibility of finding an approximate method of 
analysis which can overcome these problems. 
As explained above (section 2.2.3), the limitations of slab 
analogy, e. g. inaccuracy in boundary areas in general and 
particularly for the concentrated loading, are well known. The 
other approximate methods also. cause various problems in the 
analysis of space structures. The equivalent energy method 
fails to predict the reasonable results for composite space 
structures where only relatively thinner continuum represents 
the top layer. Furthermore, the application of spring' analogy 
is limited to the composite space structures with relatively 
thicker continuums. Also, this method. can not be used for 
concentrated type of loading. Therefore, a simpler, but more 
accurate and effective method of analysis for the solution of 
rectangular composite space structures has been introduced in 
chapter 7. This method, is developed particularly for long 
rectangular structures supported along the two short edges or 
on the four corners. This method is referred to as the 'girder 
analogy' and the results obtained from this method are 
generally in the closest agreement with'those predicted by the 
stiffness method compared with the other three methods used 
(chapters 7 and 8). 
1. in situ concrete. 
2. precast lightweight concrete. 
3. tension steel in the lower part of the 
4. compression steel in the upper part 
5. bracing members. 
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i. securing bolt 
2. preform cladding 
3. washers 
4. screwed rod 
5. top grid member 
6. diagonal member 
7. joint boss 
8. lock out 
FIG 2.1. lc DETAILS OF A TOP JOINT IN A DOUBLE LAYER GRID 
60 
AFTER BELLAMY 
Ö 
T 
Ei 
z. 
Vi 
\'-' 
ýý 
N 
FIG 2.1.1d BASIC UNITS FOR THE CONTINUOUS LAYER 
i 
1 
1 
. 
I1 
I1 
1 
1 
I1 
.1 
i1 
1 
1 
11 
11 
I1 
1I 
1 
1I 
1 
11 
I 
1 
p 
2.4 m. r 1 
II. 
\ /l 
(AFTER TATSA ET AL 
Sect. 0- o 
61 
FIG 2.1.1e A PARTIAL SKETCH OF THE COMPOSITE SLAB-GRID STRUCTURE 
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CHAPTER 3 
THEORETICAL ANALYSIS 
3.0 INTRODUCTION 
A recent literature survey of composite space structures and 
the associated methods of analysis, was presented in chapter 
2. The standard stiffness method is used for the theoretical 
analysis in this investigation due to its accuracy and 
reliability in solving structural problems. This method has 
been described in detail by Coates et al[11], 
Przemieniecki[40], and Zienkiewicz[56]. Nevertheless, the 
concept of the stiffness method of analysis is described 
briefly to clarify the algorithm involved in the associated 
computer program developed. A series of tests on a model of 
the composite triple layer grid were performed to assess the 
validity of assumptions employed in the stiffness method of 
analysis and related software developed. The experimental 
model and its results will be discussed in chapters 4 and 5, 
respectively. 
Standard stiffness method of analysis, in this context, is 
used for the analysis of composite space structures, where 
the skeletal component is represented by line elements having 
six degrees of freedom per node whilst the continuum portion 
is modeled by thin shell rectangular elements. 
The major steps in the matrix method of analysis for the 
skeletal and continuum types of structures are similar, 
except the formulation of element stiffness matrices will 
require different treatment. For each of the two types of 
structures, the linear system of simultaneous equations is 
established in terms of unknown displacements. The 
displacements are then determined from the solution of the 
system. It is assumed that the structures investigated in 
the present work behave linearly and elastically, and that 
the resulting deflections are small. 
After describing briefly the theory of skeletal and shell 
types of structures (sections 3.1 and 3.2), the problems 
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relating to the analysis of composite space structures are 
discussed(section 3.3). Further, a solution taking into 
account the eccentricities of members is explained (section 
3.4). Finally, in section 3.5 various programs, developed, 
for the analysis and the graphical representation of the 
results, are discussed. 
3.1 SKELETAL STRUCTURES 
Skeletal structures, composed of two ended members only, e. g. 
beams, struts, ties, etc., form an important case in the 
field of the stiffness method of analysis. These structures 
can be idealised initially to coincide with the 'natural' 
elements or members at the joints. The only assumption that 
then needs to be employed, for the analysis of skeletal 
structures, is that the structural members are line elements. 
It follows that relevant properties of a skeletal member can 
be expressed as a function of the distance along its major 
axis. Further, solutions of skeletal structural systems 
could be obtained without further approximations if the 
following assumptions are made: 
(1)displacements in the structure are small, so that 
secondary effects such as the shortening of a beam due 
to bending may be ignored, 
(2)the elements are linearly elastic, 
(3)the load-displacement behaviour of the elements is 
linear, 
(4)the overall structure behaves linearly and 
(5)the members have pinned or rigid end conditions. 
In the stiffness method of analysis, equations of equilibrium 
are set in terms of nodal displacements as unknowns. The 
first step in such an analysis is to determine the 
relationships between forces and displacements affecting each 
component of the structure. This set of equations can be 
expressed in the matrix notation as 
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Kd=P (3.1) 
where 
K= primary stiffness matrix of the structure, 
d= unknown displacement vector of the structure and 
P= appended load vector of the structure. 
The primary stiffness matrix of a structure is formulated as 
an assemblage of member stiffness matrices. The member 
stiffness matrices are formed in the local or structural 
coordinates. These matrices, developed in the local 
coordinate system, have to be transformed to the global 
coordinates before they are stored in the appropriate 
positions of the primary stiffness matrix. Modifying the 
system Kd=P to take into account support conditions results 
in a system which provides a complete expression of the 
conditions of equilibrium and compatibility throughout the 
structure. In matrix form this system of equations is stated 
as 
K'd = P' (3.2) 
where 
K' = stiffness matrix of the structure, 
d= displacement vector of the structure and 
P' - the load vector of the structure. 
The elements of P' are the components of external loads 
applied at the joints of the structure arranged in the same 
order as the corresponding components of displacements in d. 
P' is obtained from P by placing zeros in positions which 
refer to support reaction. Equation 3.2 can now be solved to 
obtain values for the unknwon displacements and using the 
force-displacement relationships again, the members' forces 
can be evaluated. 
A typical space frame member is shown in Fig 3.1.1. 
Associated with the member is a set of member axes, which may 
not coincide with the global coordinate system of the 
structure. There is the possibility of three linear 
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displacements and three rotations at each end of the member. 
There are thus twelve possible displacement components or 
degrees of freedom for the rigidly connected member. Related 
to each displacement there is a corresponding force or 
moment. The expression relating the nodal forces and the 
nodal displacements of a structural member can be written as 
P=Kd (3.3) 
eee 
where P 
e 
pi ' de 
Li IP 
, JJ 
Equation 3.3 is the member stiffness equation. P and d are 
ee 
12 term vectors of member forces and displacements, 
respectively and K is the 12 by 12 member stiffness matrix. 
e 
Ke is obtained from Coates et al[11] for the analysis of 
rigidly connected structures in this work. For a space frame 
member, forces and displacements at a typical node i can be 
expressed as 
P= 
i 
P 
xi 
P 
Pyi 
zi 
m 
xi 
m 
yi 
m 
zi 
d, = 
1 
d. 
xi 
d. 
yl 
d 
zi 
xi 
Ayi 
A 
zi 
(3.4) 
where '' 
P 
xi 
denotes axial force at node i of the member. 
P 
yi 
&P 
zi are 
shears at node i of the member. 
mxi is a torsional moment at node i of the member. 
m 
yi 
&m 
zi 
are bending moments at node i of the 
member in y and z-directions, respectively. 
dxi, di& dzi are the displacements at node i of 
the member along x, y and z axes. 
exi, 0yi & 9zi are the rotations at node i of the 
member about x, y and z axes. 
The member stiffness matrix for a rigidly connected element 
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is generally formulated in accordance with local coordinate 
system. Accordingly, it has to be transformed to the global 
coordinates before posting it to the primary stiffness matrix 
K of equation 3.1. A square matrix T (Coates et al[11]) is 
used to transform the member stiffness matrix to the 
structural coordinates by following a relationship which is 
expressed as 
K TT KT (3.5) 
ee 
Where the size of the matrix T is the same as that of the 
matrix K" Then K' is the element stiffness matrix in 
ee 
structural coordinate system which can be assembled in 
appropriate locations of the primary stiffness matrix K. 
However, there is the possibility of only three linear 
displacements at each end of a pin-connected space member; 
leading to 6 degrees of freedom for a space truss member. 
Associated with each of space truss member there will be a 
corresponding force. Consequently, the parameters P and d 
ee 
of equation 3.3 are 6 term vectors of pin connected member 
forces and displacements, respectively and K is a6 by 6 
e 
member stiffness matrix. Being simple in formulation, the 
member stiffness matrix for a pin connected member is 
generally implemented in global coordinates. The member 
stiffness matrix for pin-ended assumptions is obtained from 
Butterworth[6]. The forces and member forces for a typical 
node i can be expressed as 
Pia Pxi di dxi 
pd (3.6) 
Pyi 
I 
dyl 
zi zi 
3.2 SHELL STRUCTURES 
A shell is a structure which can be derived from a thin plate 
by initially forming the middle plane to a singly (or doubly) 
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curved surface. As the shell structure is a continuum and 
not an assemblage of discrete elements connected at the 
nodes, it would appear impossible to apply the same technique 
which is applied for skeletal structures. However, the 
finite element method enables the standard technique of 
stiffness method to be applied to continua. Basically, the 
finite element analysis of a continuum consists of three 
steps: 
(1)Structural idealization, where the continuum is 
idealized as an assemblage of a number, often a large 
number, of discrete elements connected at the nodes 
only. 
(2)Specifying the relationship between the internal 
displacements of each idealised element and its nodal 
displacements. This is done by using a displacement 
function to specify the pattern in which the element is 
to deform. On the basis of this displacement function 
the element stiffness matrix is derived, which relates 
the element nodal forces to the element nodal 
displacements. 
(3)The structural analysis of the assemblage of idealized 
discrete elements is carried out by the standard 
stiffness method described in section 3.1. 
In a shell the elements are subjected, generally, both to 
bending and in-plane forces. Zienkiewicz[5'6] showed that a 
shell can be represented as an assembly of flat plate 
elements. The stiffness matrix of a shell element may be 
obtained by coupling the plane stress and plate bending 
effects. A simple rectangular shell element was used as a 
basic unit to represent continuum portion of the composite 
structures involved in this work. The plane stress part of 
this element was obtained from Coates et al[11] while the 
plate bending action of the element was due to Zienkiewicz 
and Cheung[54]. The problems relating to the coupling of 
in-plane and out of plane actions will be discussed later. 
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3.2.1 Plane Stress - Rectangular Element 
Figure 3.2.1 shows a rectangular plate element ijkl, of size 
2aX2b and uniform thickness t. Choosing local coordinate 
system as shown, with axes parallel to the sides of the 
rectangle and with the origin at the centroid of the element; 
the coordinates of the nodes of element are also shown in the 
figure. Placing the origin at the centroid of the element 
simplifies subsequent computations by providing many zeros in 
the element stiffness matrix. For rectangular element with 
sides parallel to the local coordinate axes, a suitable 
displacement function can be expressed as 
ua a1 + a2x + a3y + a4xy 
y° a5 +a6x+ a7y + a8xY (3.7) 
The nodal displacements in terms of a's can be expressed by 
substituting the values of local nodal coordinates in 
equation 3.7, which can be written in the matrix notation as 
d=Aa (3.8) 
e 
where A is the 8 by 8 matrix containing local nodal 
coordinates of the element 
a is the vector containing a's 
de is the displacement vector 
T 
de ' [di d3 dk dl] 
di dxi 
d 
yi 
(3.9) 
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The strains at any point(x, y) in the element are: 
au 
cx 
ax 
3v 
E= Ey = - 
Y 
X' 
av au 
ax ay 
where u and v are given by Eqn 3.7. 
The above strain relationship is generally expressed as 
gaBa 
substituting the value of a from equation 3.8 
e= BA d (3.10) 
e 
where the matrix BA is sometimes referred to as element 
strain matrix. 'Since B matrix is a linear function of x and 
y, it follows that internal strains are linear functions of x 
and y. Further, the internal stresses of the element are 
given by 
oy - DBA-1 d (3-11) 
e 
where 
o' is the vector containing element internal stresses 
o' °[ a' ct T ]T (3-12) 
xy xy 
E1A0 
Du10 (3.13) 
1 _}12 00 (1-)1) /2 
ýrýrý' 
u is Poisson's ratio of the material 
An expression for- the element stiffness matrix K can be 
ep 
derived by imposing virtual nodal displacements and equating 
the virtual external work and virtual strain energy in the 
element, which is given as 
TDB 
dV A-1 (3.14) K=A 
IfVI 
ep 
where A is defined by Eqn 3.8; 
B is defined by Eqn 3.10; 
D is defined by Eqn 3.13; and fVB 
T 
DBdV is to be integrated over the entire volume 
V of the element ijkl. 
In the solution of practical problems, the element stiffness 
matrix K is generated by the computer. However, the 
e 
determination of 
fBTDBdV by hand in the explicit form will 
reduce the computer effort considerably, Coates et al[11]. 
3.2.2 Plate Bending - Rectangular Element 
Considering a thin rectangular plate element ijkl of uniform 
thickness t(Fig 3.2.2), the local coordinate system Oxyz is 
selected such that Ox and Oy are parallel to the sides of the 
element. Similar to the plane stress element, the origin 0 
is taken at the centre of the element at mid depth of the 
plate to simplify subsequent computations. It has been found 
by Zienkiewicz and Cheung[54] that a suitable displacement 
function can be expressed in terms of a polynomial containing 
twelve parameters as 
223 
w= a1 + a2x + a3y +a4x+ a5xy +a6y+a7x 
(3.15) 
+ a8x2y + a9"ß'2 + a10y3 + a11x3y + a12xy3 
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The constants a1 to a12 can be evaluated by writing down the 
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12 simultaneous equations linking the values of w and its 
slopes at the nodes when the local coordinates take up their 
appropriate values. For instance(Fig 3.2.2), 
wi = aý + a2x + a3y + ----- etc. 
0xia - a3 + ----- etc. 
iiw/öx)i = 6yi= a2 + ----- etc. 
--------------------------------- 
by using symbolic matrix notation, all twelve equations can 
be expressed in the form of equation 3.8, 
where A is a 12X12 matrix depending on local nodal 
coordinates, 
a is a vector of the twelve unknown constants and 
d is the vector of unknown nodal displacements 
e 
de [di dj dk d1 
T ý 
di - dzi 
8xi (3.16) 
A 
yi 
Timoshenko and Woinowsky-Krieger[49] derived the following 
relationship between moments and curvatures of the plate(Fig 
3.2.2). 
aw azW 
Ma 
_D -+i 
'Y ax aye 
a2 
2 
w aw 
My -D -+ }i 2 
(3-17) 
Y 
ay ax 
2W 
MM D(1 ») --- xx yy 
ax y 
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For an isotropic plate, the above expression in matrix 
notation becomes as 
31 
M Et 
ý 
M 1_ » 
Myx 12(1 p2) 0 
YY 
And, symbolically 
W/ax2 
K0-62 
2 
0 6W/ýy2 
0 (1 }i) /2 2 a2w// xay 
M=Dk (3.18) 
where M is the generalised stress vector of moments per 
unit length of the element 
k is the curvature vector for the element 
The curvature vector k can be expressed in terms of a's, that 
is, 
k°Ba 
and substituting value of vector a from equation 3.8 
k= BA-1d 
e 
where B is generalised strain matrix. Substituting the value 
of k in equation 3.18, generalised stress vector M can be 
expressed as 
M= DBA-1d (3.19) 
e 
As true stresses vary linearly across the plate thickness 
(Timoshenko & Woinowski-Krieger[49]), these can be determined 
from the expressions given below 
12M 
s xy 
(r =z 
x 
t3 
12M 
Yx 
z (3.20) y 
t3 
12M 
xx 
T=z 
xY 
t3 
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where z is the vertical distance from the mid depth 
of the plate 
Similar to the plane stress case, an expression for the 
element stiffness matrix K 
eb 
can be derived by imposing 
virtual nodal displacements and equating the virtual external 
work and virtual strain energy in the element as 
ab 
K 
eb 
= A-T BTDBdxdy A-1 (3.21) 
a -b 
In order to reduce the computer effort and time, the 
integration operation involved in member stiffness matrix 
(Eqn 3.21) can be performed outside computer explicitly by 
hand. This part of the member stiffness matrix was obtained 
from Coates et al[11]. 
3.2.3 Shell Element 
A thin shell element is subjected simultaneously to in-plane 
and bending actions, Zienkiewicz[56]. Combining the 
displacments prescribed for in-plane (Eqn 3.9) and out of 
plane (Eqn 3.16) forces results into five degrees of freedom 
per node of the element. That is for a typical node i 
da 
ei 
dxi 
d 
dyi 
zi 
A 
xi 
e 
yi 
(3.22) 
The use of five degrees of freedom per node for shell 
elements(Egn 3.22) and six degrees of freedom per node for 
skeletal members (Eqn 3.4) will provide an incompatible 
system of equations for the solution of a composite space 
structure composed of both shell and line types of elements. 
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Therefore, before combining the in-plane and out of plane 
stiffness matrices, i. e. Ke (Eqn 3.14) and Keb (Eqn 3.21), 
it is important to note the two points. First that the 
displacements prescribed for in-plane forces do not affect 
the bending deformations and vice versa. And, second that 
rotation 0 does not enter as a parameter into the definition z 
of deformations in either mode. 
While one could neglect rotation 9 entirely for the analysis 
of a shell alone, however, it 
z 
is convenient (when the 
assembly of line and plate elements is considered) to take 
this rotation into account and associate with it a fictitious 
couple M. The fact that 9 does not enter into computation 
zz 
procedure can be accounted for simply by inserting an 
appropriate number of zeros into the member stiffness matrix. 
The problem relating the singularity of shell elements 
corresponding to A will be described later. Redefining the 
z 
combined nodal displacements of equation 3.22 as 
d= 
ei 
d 
xi 
d 
yi 
zi 
e xi 
e 
yi 
zi 
and the appropriate "forces" as 
P= 
ei 
p 
xi 
P 
P 
yi 
zi 
m 
xi 
M 
Myi 
zi 
(3.23) 
(3.24) 
The stiffness equation for a shell element can be written as 
PK 
es 
de (3.25) e 
where K is a 24X24 element stiffness matrix for a 
es 
rectangular shell element. Stiffness matrices based on the 
appropriate displacement patterns are derived in the local 
coordinate system for the membrane action K 
ep 
(Eqn 3.14)and 
for the bending action Keb (Eqn 3.21) in a typical finite 
rectangular element and then can be coupled together to form 
the stiffness matrix K 
es 
for the rectangular shell element. 
However, the coupling arrangement of 
ep 
(8X8) and Keb (12X12) 
is carried out such that the stiffness coefficients regarding 
the rotation A come as the leading diagonal elements of the 
z 
element stiffness matrix K and zeros are inserted in the 
es 
corresponding rows and columns other than at the leading 
diagonal. The shell element stiffness submatrix for a 
typical node i can be expressed as 
Ki0000 
epi i00010 
K- -r-- --- -1--- 
esi 
00Iý0 
00jK10 
i ebi I 00'0 
00000! 0 
(3.26) 
where Kepi (2x2) and Kebi (3X3) are the appropriate parts 
regarding a typical node i of the element stiffness matrices 
Ke and Keb, respectively. The shell element stiffness 
matrix K 
es 
is developed according to the local coordinate 
system. It has to be transformed, generally, to the global 
coordinate system before assembling in overall primary 
stiffness matrix of equation 3.1. 
Once the primary stiffness matrix is formed, the remaining 
procedure of the shell solution will be similar to that of 
the skeletal structures. 
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3.3 COMPOSITE SPACE STRUCTURES 
Composite space structures are essentially the space 
structures which have continuum as well as the skeletal 
members and the continuum is acting as integrated part of the 
structure. It follows that the analysis of such structures 
involves the formulation of the element stiffness matrices of 
both the space frame and shell elements. These element 
stiffness matrices are assembled at appropriate locations of 
the overall stiffness matrix K of equation 3.1. The member 
stiffness matrices for the space frame and shell elements are 
described in sections 3.1 and 3.2, respectively. 
Subsequently, the system of equations is modified according 
to support conditions to satisfy both the equilibrium and 
compatibility conditions. The modified system of 
simultaneous equations (Eqn 3.2) is then solved for unknown 
displacments, which are then used to determine member forces, 
stresses and strains etc in the components of the structure. 
For the total stiffness matrix (equation 3.2) to have a 
solution when the two types of elements are used, 
compatibility should exist for each nodal degrees of freedom 
between the space frame and shell elements. The line element 
used in this work is that of a two ended member in space 
having six degrees of freedom per node: three translations 
and three rotations. Consequently, the plate-elements in 
space should have six degrees of freedom per node for a 
compatible solution of the overall stiffness matrix. 
However, as shown in equation 3.22, finite element 
formulations include two translational degrees of freedom (d 
x d) per node for the in-plane stresses and three degrees of 
freedom (d ee) for the bending action. Hence, combining 
the in-planer formulation with the plate bending action 
results in an element with five degrees of freedom per node. 
This formulation neglects the in-plane rotation 6, as it is 
necessarily arbitrary because there is no uniquez value of 
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such a rotation (apart from a rigid body movement) at a point 
in a continuum. The solution to the problem of non-existence 
of Az has been described in section 3.2.3 by associating a 
fictitious couple Mz with the rotation 6z' which will have 
the two consequences as given below. 
First, that at nodes where both the skeletal and plate 
elements meet, the continuum elements will not contribute in 
resisting moment Mz which will be entirely taken by the line 
elements. It follows that the assignment of a zero stiffness 
for Az for a plate element will not affect the overall 
solution of the composite structure. 
And, second that if all the elements meeting at a node are 
co-planar plate elements, the system of simultaneous 
equations of equation 3.2 will not have a solution because 
the structure stiffness matrix K' becomes singular at these 
nodes due to zero stiffness values relating to 0. The 
z 
following are possible methods to overcome the singularity 
problem of the structure for such joints: 
(1)To assemble the equations at points where elements are 
coplanar, in local coordinates, and then to delete the 
unwanted columns and rows (which are related to 0 of 
z the plate elements) of the stiffness matrix with their 
corresponding elements in load vector. The 
disadvantage of this method is that it requires a lot 
of computer effort to reorganise the structural 
stiffness matrix. 
(2)By inserting an arbitrary in-plane rotational stiffness 
coefficient K 
ez 
at such points only. This technique 
was suggested, by Zienkiewicz[5 6]. This on 
transformation leads to a perfectly well behaved set of 
equations from which all displacement components 
including 0 can be obtained. As 9 does not affect 
zz the stresses and is uncoupled from all equilibrium 
equations an arbitrary value of K can be inserted as ez 
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an external stiffness without affecting the results. 
For a triangular element (with nodes i, j&k) a 
fictitious set of rotation stiffness coefficients was 
used by Zienkiewicz et al[55] such that the equilibrium 
of the system is not disturbed in local coordinates. 
That is expressed in matrix notation as 
Mzi 1 -0.5 -0.5 0zi 
Mzj = aEth 1 -0.5 0 zj 
(3.27) 
zk sym. 
1 I°kI 
where E is modulus of elasticity, t is the plate 
thickness, h is element area and a is a coefficient 
whose value is varied from zero to 1 by Zienkiewicz et 
al and showed no significant effects on the results. 
For practical purposes, they recommended a =0.03 or 
less. 
(3)By inserting a very large number, say 1074, at the 
position of diagonal elements of the stiffness matrix 
relating to such nodes (Al-Bazzaz[1]). That is 
M= KXA=0 
z ez z 
= 10? 
4X 
0=0. 
The advantage of this method is that because it deals 
with coplanar plate nodes in the same way as with 
constraints. This implies in considerable saving in 
the computer time and memory. The disadvantage of this 
method is that it needs more computer storage than 
method 1. 
(4)A non-zero number, say 1, at the position of diagonal 
coefficients, of member stiffness matrix relating to 
each 9z degree of freedom of plate elements whether 
they are coplanar or not, can be set: 
14 =KX0=0 
z ez z 
1X0-0 
All the other coefficients relating to the 8 in the 
z 
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appropriate rows and columns are left to be equal to 
zero as illustrated in equation 3.26 for member 
stiffness submatrix for node i. This operation is 
carried out while establishing member stiffness 
matrices and hence, does not require any extra computer 
effort and memory. This technique was used in the 
present work to solve the singularity problem for 
coplanar plate elements. 
3.4 ECCENTRICITY 
In the present work the top sheet was fixed at top of the 
skeletal triple layer framework, which resulted in 
eccentricities in the vertical plane between the top layer 
skeletal members and the continuum elements. Further, the 
eccentricities in both the horizontal and vertical planes are 
possible to occur in skeletal members meeting at nodes of the 
structure. A method suggested by Zhao et al[53] (cf. 
section 2.1.3) was used for incorporating the effects of the 
eccentricities in the members. The member stiffness matrix 
arranged according to global coordinates (K ') has to undergo 
the following multiplication operation before assembling it 
into appropriate locations of the overall stiffness matrix: 
K"°XTK 'X (3.29) 
e-eee 
where X is the square matrix composed of number of rows 
e 
equal to the number of degrees of freedom of an element. X 
e 
for a typical node i of an element is given in section 2.1.3" 
The above procedure is carried out only for those members 
which have eccentricities in the horizontal and/or vertical 
plane. 
3.5 COMPUTER SOFTWARE DEVELOPMENT 
The solution of a space structure of any practical size by 
stiffness method of analysis involves such a volume of 
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arithmetic operation that it becomes essential to carry out 
these operations on a computer. Most structural analysis 
programs are implemented by using one of the general purpose 
high-level programming languages, such as FORTRAN, ALGOL, 
BASIC OR PL1. FORTRAN77 is the programming language used for 
the development of the computer programs for the purpose of 
this work. 
At the commencement of the present work, there was no 
suitable program available which could handle conveniently 
the type of structures involved in the investigation. It 
should be noted here that although LUSAS, a program package, 
was available, it has a number of limitations: One of the 
limitations of LUSAS is that it cannot deal with 
eccentricities in the. horizontal, plane of the members. 
Further, LUSAS output requires considerable editing before it 
can be represented graphically. 
Therefore, a series of of programs in FORTRAN77 for the 
analysis of various types of structures were developed and 
the results were presented. in such, a manner as to allow 
graphical programs to use them as input data for the final 
representations of the forces and deflections. Following is 
the list of the major programs which were developed during 
the course of this work: 
1-a general program for the analysis of a variety of 
rigid space frames, composite space structures, etc., 
2-program for the analysis of pin-ended skeletal and 
composite space structures. 
3-graphical programs 
The general program will be described in section 3.5.3" 
Various features of the program will also be explained. 
Further, in the subsequent sections the important aspects- of 
the above mentioned other programs will be described. briefly. 
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A computer analysis, generally, can be separated into the 
following two basic parts: 
(1)Pre-processing and data input, and 
(2)Solution and output modules to carry out the actual 
analysis. 
Due to the significance and importance of the above mentioned 
two points for the analysis of practical size of space 
structure, they are described below before the computer 
programs. 
3.5.1 Data Generation 
The solution of large structural systems by computer does not 
only pose the problem in carrying out their analysis, but the 
computer has to be supplied a detailed description of the 
structure, namely, the data which include the nodal 
coordinates, interconnection patterns of the elements, 
material properties, boundary conditions, prescribed nodal 
forces and displacements, etc. The node or element numbering 
depends on the solution technique used for the analysis. For 
instance, if Gaussian elimination technique is to be used, 
then the difference between node numbering relating to an 
element should be kept to a minimum level for economical use 
of the computer memory. 
Arrangement of input data for, small structures is simple and 
straightforward. It, involves inputting into the computer 
known parameters in a way the program requires them to be 
given. However, for large structural systems, such as the 
composite triple layer bridge grids, the large volume of data 
requires to be input, makes the whole process time consuming 
and error prone. Considerable amount of research work, 
therefore, has been devoted to the automatic generation of 
data for large structural systems. The data generation work 
also tends to exploit the natural regularities of structures. 
However, due to the complexity of the problem itself, most of 
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these methods are limited in scope, lack generality, and some 
are very complicated and cannot be easily used by design 
engineers. 
A powerful method for automatic data generation was pioneered 
by Nooshin[38].. This method is based on 'formex algebra'. 
Formex algebra is a mathematical system that provides a basis 
for solution of problems of data preparation and graphics in 
computer aided design processes. The method is simple and 
has universal applicability for all types of the structural 
configurations. An interactive programming language, 
referred to as 'Formian', based on formex algebra is also 
available. Formfan not only generates the required input 
data for the analysis of a structure, but also provides 
three-dimensional graphical display for the verification of 
the geometry of the structure. Further, the structural 
configuration can be corrected or modified before submitting 
the data for the analysis. Disney & El-Labbar[14] have 
discussed the use of Formian. 
All types of regular configurations can be dealt with the 
help of Formian by employing standard retronorms ý or 
transformation equations. Formian also allows the user to 
employ his or her own transformation equations to obtain any 
desired geometry, regular or'irregular. 
Formex algebra and associated software Formian was used 
extensively to generate the required data for the analysis of 
the skeletal as well as the composite triple layer grids. 
Further, most of the three-dimensional figures presented in 
this work were also plotted by using Formian. 
3.5.2 Equation Solvers 
A characteristic of the stiffness method is that its 
treatment of the structures of the practical size can lead to 
very large sets of simultaneous equations. The solution of a 
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space frame or a three-dimensional finite element grid 
involving six degrees of freedom at each of N nodes, requires 
the solution of 6N linear equations, and the storage of the 
complete stiffness matrix in the computer would require 36N2. 
It follows that 14400 locations would be occupied of the 
computer memory for a modest size of structure with 20 nodes. 
It is essential, therefore, that a suitable method of solving 
simultaneous equations should be used which does not only 
require smaller computer memory but also less time for the 
solution. 
The two classes of solution method (for simultaneous 
equations) available are termed direct and indirect 
(iterative) methods. The former requires a single set of 
operations to be carried out on the equations and the results 
are obtained. The latter, in contrast, determines the 
solution of equations through a series of successive 
approximations. A set of operations, usually much shorter 
than with a direct method, is repeated several times while 
the results either converge towards a steady level-or show no 
definite trend. The only inaccuracy in the solution of 
direct method is due to the values being stored in the 
computer at each stage of the calculations to a limited 
number of decimal places. The indirect methods, however, 
have the additional disadvantages that the rate of 
convergence may be slow, or the results may not converge at 
all. For these reasons direct methods are preferred by most 
structural analysts whenever possible, Coates et al[11]. 
There are three main types of direct (elimination) methods 
for the solution of simultaneous equations: Gauss, Jordan 
and Aitken methods. Gaussian elimination method involves 
less number of operations than the other two types. Further, 
the efficiency of the elimination technique can be improved 
by using the following properties of the stiffness matrix: 
(1)Symmetry 
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(2)Positive definiteness 
(3)Banded nature 
Systems of simultaneous equations obtained in most structural 
problems are generally symmetric and banded. In other words, 
the stiffness matrix of a structure will have a few non-zero 
coefficients which will be grouped around the main diagonal. 
The half-bandwidth b of a symmetric stiffness matrix is 
defined as the largest number of coefficients in any row from 
the leading diagonal to the extreme right hand non-zero 
element, inclusive. The bandwidth will depend on the node 
numbering scheme adopted for the structure and will be 
proportional to the larger difference between nodes in the 
same element. 
For symmetric and banded stiffness matrix, it is only 
required to store the diagonal and the upper diagonal 
coefficients for the solution. The half-bandwidth, counted 
in nodes, is obtained by adding 1 to the greatest difference 
in number for the nodes associated with any member of the 
structure, which is then multiplied by number of nodal 
degrees of freedom to obtain the number of stiffness 
coefficients in the half-bandwidth (Brebbia & Ferrante[3])" 
Since the half-bandwidth determines the efficiency with which 
the system of 'equations can be solved by using Gaussin 
elimination technique, the node numbering should be selected 
such as to minimise the differences in number' of the nodes 
connected'to each member. The banded formation of the 
stiffness matrix could then be stored in a rectangular array 
of order N times b, where N is the total numbers of degrees 
of freedom of the structure and b is the half-bandwidth of 
2 
the matrix, requiring only Nb storage locations instead of N 
required for the total square stiffness matrix. 
The application of Gaussian elimination method, using banded 
nature of the stiffness matrix, leads to a considerable 
savings in the computer memory. Therefore, it has been used 
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throughout the present work for-the solution of simultaneous 
equations. 
3.5.3 General Analysis Program 
A computer program based on the standard stiffness method was 
developed for the analysis of the following types of 
structures: 
(1)plane frames (3 degrees of freedom per node) 
(2)grillages (3 degrees of freedom per node) 
(3)rigid space frames (6 degrees of freedom per node) 
(4)thin shells (6 degrees of freedom per node) - 
(5)composite space structures (6 degrees of freedom per 
node) .- 
Algorithm of the analysis program is presented in the 
appendix to, illustrate the computer implementation of the 
standard stiffness method. The program is organised in the 
thirteen subroutines written in FORTRAN77, each of which 
performs one or more than one specific tasks and linked with 
the other subroutines through the main program as shown in a 
flow diagram (Fig 3.5.1). The flow diagram shows the eight 
major steps involved in the computer program and the 
corresponding subroutines which perform the tasks. 
The general analysis computer program has been extensively 
used during the course of this work for the analysis of the 
structures. The computer program was debugged completely 
before the actual analyses were performed. A few test 
structures were analysed both with the help of the program 
and LUSAS system and the results obtained from the two 
methods were compared and found exactly similar to one 
another. 
The results obtained from the analysis of an experimental 
model in chapters 5 and 6 by the computer program are 
referred to as the theoretical results. Since the program is 
92 
based on the standard stiffness method 
associated results are referred in the cur' 
chapters 7 and 8 to as those obtained from 
method (S. S. method), or exact method. 
This program is also facilitated to 
according to the concept of spring analogy 
section 2.2.4). 
3.5.4 Pin-Connected Analysis Program 
of analysis, the 
ves and tables of 
standard stiffness 
conduct analysis 
(see chapter 2, 
The program is based on the stiffness method of analysis 
assuming pin-connected end conditions for the members. The 
program is capable of analysing either a space truss or a 
pin-connected composite space structure at a time. The 
member stiffness matrix for skeletal elements are obtained 
from Butterworth[6]. The continuum elements of the composite 
structures are represented by pin-connected sub-frames using 
the concept of the equivalent strain energy, given by 
Deakin[12]. In this approach, it is assumed that the strain 
energies of the two static systems, i. e. shell and skeletal 
frame are equivalent under certain conditions. A detailed 
description of this concept is given in chapter 2. 
The program was used for the design of the skeletal model of 
triple layer grids before the development of the general 
analysis program. Nevertheless, the results of the analysis 
carried out on different practical size of composite triple 
layer grids using this method will be compared with'those 
obtained from the other techniques in chapter 8. Since the 
method uses the. concept of energy equivalence, it is referred 
to as equivalent energy method (E. E. method). 
The basic steps involved in the development of this computer 
program are the same as set out in section 3.5.3 for the 
formulation of general analysis program. However, the 
details of each step are much simpler and straightforward. 
The simulation of shell elements is given by a simple 
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expression (Deakin[12]) and its implication into the member 
stiffness matrix formulation is similar to the skeletal 
members. 
3.5.5 Graphical Programs 
It was not easy to determine the most convenient graphical 
representation of the analytical and experimental results but 
there was an awareness that different forms would be required 
for different purposes.. The most important was plotting of 
the forces and deflections in a way that evaluation of the 
results could be achieved easily. For that purpose graphical 
programs are written in FORTRAN77 incorporating well known 
GINO routines. 
A program to plot deflections and forces diagrams (chapters 5 
and 6) was developed. The two types of results are 
represented on the same diagram in such a manner that a 
comparison can be made easily and conveniently. For this 
purpose, two different line styles are used for the two types 
of outputs and the results are plotted to the scale. 
Representation of results was done in another way by writing 
another graphical program. The structure is plotted in plan 
and the deflections or forces are recorded as numerical 
factors along each node or member. This factor is either the 
percentage ratio or the per thousandth ratio of the maximum 
value in the structure. The maximum force or deflection in a 
structure is given at the bottom of the diagram. In this 
case the two types of results can be distinguished from each 
other by the two different character styles. 
A curve fitting program was also developed to plot the curves 
presented in this work. The tables shown in chapters 6 to 8 
are also plotted with the help of a program, which was 
developed such that it just requires the data to be compared, 
and numbers and types of parameters. Given the results to 
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this program are output in the form of comparison of 
different types of results. I 
wa;: ý-. 
}_.. 
95 
DEGREES OF FREEDOM 
8yj 
Ok 
dye dxj 
J 
eyi 
dye 
dki - 
Oki 
dz i 
ezi 
dzj 
Z 
.j 
ASSOCIATED NODAL FORCES IN LOCAL COORDINATES 
pyi 
pki 
-00 , rrki/, 
Pz , 
niz 1 
,? ryj y 
n: xj 
ý'yi pX, ý ýyý 
zj 
z 
x 
FIG 3.1.1'A TYPICAL SPACE FRAIE MEMBER 
96 
j 
r 
.J 
. oll ý1>>ýýý, 
CSS tk 
FIG 3.2.1 A RECTANGULAR PLATE ELEMENT 
UNDER IN-PLANE STRESSES 
ýlý 
0ý1d 
zi 
Z+ 
i 
r 
M). x 
CSS tk ýýi 
FIG 3.2.2 A RECTANGULAR PLATE ELEMENT UNDER PLATE BENDING STRESSES 
ý.. 
Create and verify basic data 
(Formian used) 
Input basic data 
(INPUT) 
Preliminary data Nodal coords. Member details Geom. properties 
Eccentricity Loading data Restraint data 
Development of the primary stiffness matrix[ 
Construct skeletal element stiffness matrix 
(ASSM & TRANSF) 
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FIG 3.5.1 FLOW DIAGRAM FOR GENERAL ANALYSIS PROGRAM 
CHAPTER 4 
EXPERIMENTAL FRAMEWORK 
4.0 INTRODUCTION 
An assessment of the validity of assumptions employed in the 
theoretical analysis and associated computer programs (chapter 
3) could be obtained by comparing theoretical results with 
physical measurements made upon carefully constructed model 
structures. This is particularly interesting because available 
experimental data from other studies on composite triple layer 
grids are limited (chapter 2). As the objective of this work 
is to study the structural behaviour of a composite triple 
layer grid used in highway bridges, therefore a set of 
laboratory tests was decided to be performed on n-a small scale 
model. The description of the model and various aspects of its 
experimental set up have been discussed-in this chapter. The 
experimental results and their comparison with those obtained 
from theoretical analyses will be discussed in Chapter 5. 
The solution of complicated structural systems may require both 
theoretical and experimental stress analyses. The experimental 
investigation can give some insight into the behaviour of"the 
real structure which in turn may help to determine the effects 
of some assumptions on which theoretical solutions are based. 
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The structures are assumed to be either pin ended or rigidly 
connected in theoretical analysis. However, in actual 
behaviour the end conditions of members in a structure are 
somewhere in between. Bolted types of connections restrain 
rotations partially in addition to translations. The 
assumptions of pin connected and rigidly connected type end 
conditions provide upper and lower bound solutions for the 
structures, respectively. Generally, the assumption of fixed 
end conditions in a structure may be found realistic in the 
case of welded joints. But it is difficult to find a structure 
which has members with true pin connected end conditions. 
While analysing skeletal -systems, the members at a node 
of a 
structure are assumed to be connected like lines crossing each 
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other at a node. However, these members have their particular 
shapes and certain volumes which are not considered in the 
analysis. Further, volumes of the nodes, which are generally 
considerable, are neglected in the mathematical model. 
As the present work is based on the study of composite triple 
layer grids, the non-existence of sixth degree of freedom A 
z 
for shell elements was itself a problem (chapter 3). The use 
of a fictitious set of stiffness coefficients in the 
formulation of element stiffness matrix, associated with A, 
required confirmation from experimental investigations. 
On the other hand, if the experimental investigation on a 
carefully fabricated model of a structure is performed, a 
closer correlation with the prototype structure may emerge than 
with the theoretical model. The experimental investigations 
provide strains and deformation values within components of a 
structural system which itself is under the action of a system 
of loading. Consequently, forces in members of the structure 
can easily be determined from strains and deformation values. 
The experimental studies provide the analysts with a comparison 
for theoretical computations, and give a greater confidence in 
a specific solution to a problem. The results of model studies 
can be used not only to obtain quantitative information but 
also to communicate qualitative ideas about the behaviour of 
similar structures. Therefore, generally for complicated 
structures whose behaviours are not well understood, it is 
considered a good practice among the analysts to arrange 
experimental studies for observing the effects of different 
assumptions made in the theoretical analysis. 
Since reliable data on composite triple layer bridge grids are 
practically non-existent., Therefore, it was decided to carry 
out experimental investigations, on a model of the triple layer 
grid which had only skeletal members initially and subsequently 
an aluminium sheet was added to its top layer, to establish a 
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basis for the comparison between the theoretical results and 
the actual structural behaviour. The results obtained from 
experimental studies were to be used to investigate the 
validity of assumptions employed in computer programs described 
in Chapter 3. These computer programs can be used to analyse 
both the skeletal as well as the composite space structures. 
This chapter deals with various aspects of the model and its 
experimental set up. The configuration of the model, 
properties of materials used for its construction, its 
fabrication procedure' and supports are discussed in section 
4.1. Further loading of the model are described in section 
4.2. This is followed by the discussion on the measurement of 
resulting deflections and -strains(section 4.3). The 
description of a testing rig for the model which is referred to 
as the reference frame is described in section 4.4. 
4.1 DESCRIPTION OF THE MODEL 
The experimental studies were carried out on a model of a 
highway bridge. The top deck of the bridge was represented by 
an aluminium sheet in the model which was fixed at the top of a 
triple layer skeletal frame composed of brass tube members. As 
the present work was intended to carry out studies both 
theoretically and experimentally within the elastic limit, the 
same model was tested first without the plate and then with the 
aluminium sheet connected to the top layer of the grid. The 
model, will be referred to as the 'Skeletal model' initially, 
when it consists of skeletal elements only and will be referred 
to as the 'Composite model' when an aluminium sheet is fastened 
to its top layer. 
The bridge was considered, to accommodate three lanes with the 
width of 8.53 metres and the span of 42.65 metres. The scale 
of 1: 10 of the model to prototype was chosen to achieve a 
reasonable size of the structure to work with. 
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4.1.1 Configuration 
A triple layer grid is a structure consisting of three parallel 
layers of elements and two intermediate diagonal bracings. 
Both the top and bottom layers of the grid are connected to its 
middle layer with the help of diagonal bracings. The diagonal 
bracing members which connect the top and middle layers may be 
referred to as 'top diagonals' and the - diagonal 
bracing 
members which provide links between the middle and bottom 
layers may be referred to as 'bottom diagonals'. The top and 
bottom layers of some of the triple layer grids are 
interconnected directly all along their boundaries by vertical 
and diagonal members. These vertical and diagonal members are 
known as 'edge bracings'. 
There are numerous possible arrangements for the 
interconnection pattern of structural members in triple layer 
grids. Some configurations may lead to a better structural 
performance, greater rigidity or smaller cost than others. Of 
the following six configurations of triple layer grids studied 
by Bunni et al[5], the Squares on Diagonals was preferred for 
this study: 
(1)Diagonals on Squares 
(2)Diagonals on Diagonals 
(3)Squares on Larger squares 
(4)Squares on Diagonals 
(5)Squares on Squares 
(6)Combination of grid types 1 and 5 
The designations of the above triple layer grids were carried 
out in accordance with the interconnection patterns of their 
top and middle layers. In the first five configurations the 
top and then the middle layer are only mentioned, implying that 
the top and bottom layers are of the same pattern. For 
example, Squares on Diagonals means top and bottom layers are 
of square panels and in the middle layer elements are set in 
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diagonal pattern as shown in Figs 4.1.1-5. The grid type 6 is 
a combination of grid types 1 and 5 whose top layer has 
elements set diagonally, and its middle and bottom layers have 
square panels. The squares in the middle layer of this 
configuration are set off from squares in the bottom layer. 
The comparative study of the above six types of triple layer 
grids shows that stresses in the Squares on Diagonals grid are 
more evenly distributed as compared with the other types. It 
was also observed that the Squares on Diagonals triple layer 
grid was the most economical in weight among the above six 
types of grids. Although the above study was conducted on 
triple layer grids which were assumed to be supported all 
around their boundaries, the results of preliminary analyses on 
rectangular grids (for highway bridges) of different 
configurations, with four corner supports, showed the similar 
advantages of Squares on Diagonals when compared to other 
configurations. 
The skeletal model (1: 10 of the prototype) was 5 panels wide 
and 25 panels long. All the panels in top and bottom layers of 
the model were of 17.06 centimetre square. The depth of the 
skeletal model from centres of the top and bottom layers was 
20.07cm. Figure 4.1.6 shows a typical unit of the model which 
has one top panel and one bottom panel together with the 
intermediate elements. All the tube members were identical and 
have the constant cross-sectional area of 27.6mm2. These 
proportions of the skeletal model were determined after 
performing different preliminary analyses, based on the 
stiffness method assuming pin-connected end conditions. The 
following points were also considered while deciding the 
proportions of the model: 
(1)Triple layer grids can be constructed with a span to 
depth ratio of 40 when they are supported at their four 
corners only, Bunni et al[5]"(2)The 
structure should be proportioned with due regard to 
the deflections produced by the applied loads. The 
103 
structure should be so proportioned that the maximum 
deflection does not exceed the serviceability limit 
under the applied loading. 
(3)The constant and the same cross sectional areas of all 
the members provide simplicity both in the analysis and 
in constructing the model. 
The model was supported at its four corners of the middle 
layer. There were 402 nodes and 1500 skeletal elements in case 
of the skeletal model, while the composite model was also 
provided with 125 thin rectangular shell elements in addition 
to skeletal members. 
4.1.2 Materials Used 
Brass was used for constructing the skeletal model because of 
its relatively low modulus of elasticity. Hollow drawn brass 
tubes, of 9/32" outer dia and 16 swg wall thickness, which 
complied with BS2871 CZ126, were used. Before the construction 
of the model these brass tubes were tested both in tension and 
compression to determine their characteristics, such as 
strength and Young's modulus of elasticity, and to verify the 
information provided by the manufacturer. 
The results of tension tests on these brass tubes were plotted 
as load versus percentage strain curves. The same procedure 
was adopted for compression tests. Figure 4.1.7 is a typical 
example of such curves for the tension tests. The following 
physical characteristics for brass tubing were determined from 
these tests: 
Ultimate tensile stress 580 N per sgmm 
0.2% Proof stress 485 N per sgmm 
Young's modulus of elasticity 102.9375 kN per sqmm 
Percentage strain 8.5 
It can be observed from the above results that the material has 
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a high tensile strength value and has satisfactory percentage 
strain value. Figure 4.1.8 shows a typical example of cup and 
cone type of failure under axial tension for the brass: 
confirming that brass is a ductile material. 
In compression tests the brass tube specimens were found to 
fail due to buckling of the specimens. The failure load in 
compression was considerably less than in tension. The 
compression tests were performed on the specimens of varied 
lengths. It was also noted that buckling load decreased with 
the increase in length of the specimens (cf. Figs 4.1.9a & b). 
These figures show load versus percentage strain curves for 
35.5 and 19cm long compression specimens, respectively. Tests 
also provided a direct relation with the factor of safety used 
in the member design of the model. 
Once the planned experiments on the skeletal model were 
finished, it was converted into the composite model by 
providing a 1.6mm thick aluminium sheet to its top layer. The 
sheet was made of aluminium alloy 'ALI-S1CH4', which complied 
with BS1470: 1972. The aluminium sheet was provided to 
represent the top slab of the composite triple layer bridge 
grid as its integral component. Before connecting the 
aluminium sheet to the model, two long strips were cut from its 
two ends. Then, several standard test specimens were obtained 
from these strips in accordance with BS18: Partl: 1970. Standard 
tension tests were performed on these specimens to determine 
the aluminium alloy's physical characteristics, e. g. strength, 
Young's modulus of elasticity, etc. Results achieved from 
these tests were plotted in the form of stress-strain curves. 
These curves showed the consistency in the behaviour of the 
material. Figure 4.1.10 shows a typical example of such 
stress-strain curves. The following physical characteristics 
of the aluminium were determined from the tests: 
Ultimate tensile strength 123 N per sgmm 
0.2% proof stress 122 N per sgmm 
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Young's modulus of elasticity 69.5 kN per sgmm 
Percentage strain 10 
The bolted type of connections (cf. section 4.1.3) may prove 
to be critical in the behaviour of a tension member due to 
reduction of its cross-sectional area at the section passing 
through a hole. Tension tests were also performed on the brass 
tube specimens, each of which was squashed at the centre and 
was provided with a hole for 4mm diameter bolt. Such specimens 
were found to fail at sections passing through holes at the 
loads half the ultimate tensile load of the normal tube 
specimen. Therefore, a direct check for a reasonable factor of 
safety was achieved for the design of tension members of the 
model from these tests. 
4.1.3 Connections & Fabrication 
There are numerous types of methods available for connecting 
structural members. For convenience, connections may be 
divided basically into four groups as follows: 
1. riveted and ordinary bolted connections, 
2. high strength steel bolted connections, 
3-pin connections, and 
4. welded connections. 
The connections of a structure play a vital role in its 
behaviour. Both the design and the fabrication of connections 
are equally important for the efficient behaviour of the 
structure. A poorly designed or unskillfully fabricated 
connection may prove to be the cause of a failure of the 
structure. Generally, the design of connections is carried on 
the basis of either of the following two assumptions: First, 
that the joints of a structure will only develop axial forces 
and such a structure would be called a 'pin connected 
structure'. And, second that the joints of a structure will 
develop moments in addition to axial forces and such a 
structure would be called a 'rigidly connected structure'. 
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Sometimes joints are also referred to on the basis of positions 
of their centroids. If the centroidal axes of all the members 
pass through the centroid of their joint, such a joint will be 
considered as a simple or concentric connection. Otherwise, it 
will be considered as an eccentric connection, Lothers[27]. 
There are special types of prefabricated connections also which 
are commercially available, e. g. Nodus, Mero, etc. These 
joints, in fact, are developed in the form of combination of 
two or three basic types of connections. For example, Nodus 
joint is the combination of bolted, pinned, and welded types of 
connections. Furthermore, these joints are generally provided 
in the form of complete prefabricated systems which also supply 
structural members of relevant sizes and required cut lengths. 
These systems are sometimes referred to as 'industralized 
systems'. The structural components of these systems are 
manufactured precisely under strict quality control. 
The industralized systems are mainly developed for convenient 
use in space, frames. Some of these systems have been developed 
so much that design of space frames with such a system is found 
just as easy as the design of other framed roof systems with 
portal or lattice frames. The simplicity of the fabrication 
and erection methods of these systems is such that it is well 
within the capabilities of any steelwork fabricator. One of 
the main reasons for the quick development of space structures 
is the relatively low cost and remarkable speed of erection by 
using these prefabricated systems. However, there are limited 
numbers of joint sizes in prefabricated systems which are 
normally used. There would be only a limited application for 
both relatively wide and small span grids, therefore it would 
be unlikely that structural components of such sizes would be 
readily available. So in such cases joints have to be designed 
and fabricated according to requirements of the structure. 
The model is a relatively small structure. It was fabricated 
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with the simple bolted type connections(folded type) for the 
following reasons: 
(1)Fabrication of the model was comparatively simple and 
quick with this type of connections in the laboratory. 
(2)It was relatively easy with bolted connections to 
convert the skeletal model into the composite model by 
fixing a plate to the top layer, after carrying out a 
required number of tests on the skeletal model. 
(3)It is very likely that the prototype bridges would have 
to be constructed in remote areas where either the 
above types of industralized systems may not be 
available or may be comparatively expensive. 
Generally, basic type of connections, e. g. bolted or 
welded connections, are used for the fabrication of 
such structures in the isolated and distant areas. 
The bolted type of connections in the model were used in the 
form of lap joints. The fabrication of the model required the 
following four major operations: 
1-tool preparation, 
2. squashing, 
3. drilling and 
4. assembling. 
These operations were performed in the following four stages 
during the fabrication of the skeletal model: 
Stage 1: A squashing tool was prepared for members of the top 
and bottom layers. This tool was used to squash the tubes at 
required centre to centre length of the members. A hole was 
also drilled at the centre of each folded portion of tubes 
which was already marked by the squashing tool. The holes of 
tubes in long direction were lapped over the corresponding 
holes of tubes in the short direction at right angles. Members 
of each joint were held in the right position with a steel bolt 
of 4mm diameter. 
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Stage 2: The intermediate diagonal bracing members had to be 
treated with another specially made squashing tool. This tool 
not only enabled squashing tubes at required centre to centre 
lengths but also . helped to provide the required angle of 
inclination for both top and bottom diagonals. Consequently, 
the holes had been drilled at the centre of each folded 
positions of tubes. Further, the bottom diagonals were 
connected to, the bottom layer, with the help of the bolts 
already provided in the bottom layer of the grid. 
Stage 3: The middle layer required another squashing tool 
which was prepared by modifying the first type of tool, because 
the members in the middle layer had to be set in the diagonal 
)pattern. After squashing and providing one hole at each folded 
portion, the middle layer was connected to the bottom diagonals 
with the help of a bolt at each connecting position. 
Similarly, already fabricated top diagonals were fastened to 
the middle layer in the form of a reflection of bottom 
diagonals at the middle layer. Further, the already prepared 
top layer was assembled to the top diagonals. 
Stage 4: The edge bracings were provided all -around the 
boundary of the model by connecting the top and bottom layers 
directly to each other. There were two types of edge bracing 
members: vertical and inclined. The vertical bracing members 
were only four; one on each corner between the top and bottom 
layers of the model. For these members squashing operation-was 
replaced by cutting of inside threads on their both ends, 
placing in position tightly and screwing with already existed-, 
bolts in the top and bottom layers. As angle of inclination in 
the vertical plane of the diagonal edge bracing members were 
different from diagonal bracing members, so the second tool had 
been modified for squashing of these members. Plate 4.1 
illustrates the details of this squashing tool. 
In Fig_ 4.1.11, details of a top layer joint has been shown=in 
the plan and elevation. It can be observed from this figure 
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that four top layer members are meeting each other at right 
angle. Two top diagonal members are also shown to be connected 
below top layer members. A bolt of 4mm diameter and of 34mm 
length was used to connect all six members. These six members 
were, in fact, part of three long continuous lengths which were 
squashed, drilled, and bolted at centre to centre of required 
lengths. 
Figure 4.1.11 also shows that the circular tube is folded to a 
plate of 3.16mm thickness which is, in fact, composed of two 
thicknesses of the tube. The width of the plate was 9.4mm. 
This width of the plate was equal to half of internal 
circumference plus two times the tube thickness. The length of 
squashed portion of the tube was 12mm in case of right angle 
connection and was 15mm when the members had to meet' at an 
oblique angle. 
After the completion of the skeletal model assembly, the 
instrumentation (cf. section 4.3) was installed. Then the 
model was erected and placed on the supporting system which 
will be described later. Consequently, it was tested under 
three types of loading within elastic range. The loading 
procedure will be explained later. The skeletal model was 
transformed into the composite one by attaching a 1.6mm thick 
aluminium sheet to its top layer brass tube members. 
The direction of the top layer bolts had to be reversed to 
assemble the aluminium sheet to the model. The position of 
each bolt was indented on the sheet and holes were drilled on 
these marked points. Consequently, bolts were tightened one by 
one after placing the sheet on top of the model. Plate 4.2a&b 
demonstrates the pictorial views of the jointing system of the 
skeletal and composite models, respectively. 
4.1.4 Supporting Arrangement 
Space structures can be supported by steel or concrete columns, 
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or load bearing brickwork, or perimeter ring beams. Steel 
column support can be provided by either a vertical column type 
(referred to as the 'one point column') or a space-frame 
pyramid type of column (referred to as the 'four-point 
pyramidal column'). The position of supports is important, as 
it influences the stress distribution in the structure. Often 
the location of a support is imposed through the functional 
requirements of the structure. It is of course, always 
desirable, that a column should be directly under a joint so 
that local bending of the member, supported by the column, can 
be avoided. Supports of a structure may be provided at its 
extreme edges. But if possible, support at the extreme edges 
of the grid should be avoided as this will produce heavy forces 
in the directly loaded members. Support positions slightly 
inboard are preferred, Makowski[33]. 
The model had been supported at the four corner joints of its 
middle layer. The Nodus frame was employed to support the 
model as can be seen in Figs 4.1.12a-d. Two types of support 
arrangements were used. The first type is referred to as 
'support A', and the second as 'support B'. Although one point 
steel columns were provided as supports, their stress 
distribution behaviour is like four point pyramidal columns due 
to their inboard location under the intermediate diagonal 
bracings of the model. Figure 4.1.13a shows the details of two 
types of the supports in plan and elevation. These details 
have been further illustrated in Figs 4.1.13b & c. These 
supports were constructed to impose the following restrictions: 
(1)Support A, which is a hinge support, was used to 
restrain translational movements in all three 
directions, i. e. x, y, and z. Plate 4.3 exhibits the 
pictorial view of this support. 
(2)Support B, which is a roller support, was used to 
stop translational movement in the z direction only. 
Its details can be seen in Plate 4.4. 
All four joints resting on the supports were free to rotate in 
any direction. 
A rectangular steel plate which was 15cm wide and 2.5cm thick 
had been provided as a base plate for each support. The base 
plate had been fastened with a long bolt of 25mm diameter (Fig 
4.1.13a) at the apex of each of the two Nodus units pyramids 
which were interconnected to each other. 
Figures 4.1.13a &b illustrate the details of support A. It 
can be seen from these figures that a 60mm high thick cylinder 
of 38mm outside diameter had been used to provide a connection 
between the base plate and a bolt of 18mm overall diameter. 
The cylinder, used as one point column, was welded to the base 
plate at its bottom. The height of this bolt could be adjusted 
by screwing in or out from the cylinder. A hexagonal nut at 
the top of the cylinder was used to adjust height of the bolt. 
The effective top surface circular area(30mm diameter) of 
hexagonal head of this bolt was employed as a bearing plate and 
hence, this bolt is referred to as the 'bearing bolt'. The 
head of the bearing bolt was shaped as a spherical recess of 
2mm maximum depth at its bearing surface as shown in 
Fig. 4.1.13b. The diameter of the spherical recess was 24mm at 
the top of the bearing bolt. The overall depth of the bearing 
bolt's head was 12mm. 
A high tensile steel bolt of 4mm diameter, which had a special 
head (Fig 4.1.13b), was used to connect the members at the 
supporting node and is referred to as a 'supporting bolt'. The 
head of the supporting bolt was like a very short strut of 
variable diameter. Its diameter varied uniformly from 12mm to 
14mm in 6.5mm length. Its overall length was 8mm. Extreme 
bottom end of the supporting bolt head was converted into a 
spherical point in lower 1.5mm length. This spherical shape 
had been worked out such that its centre of rotation coincided 
with the centroid of the supporting node. Head shapes of both 
the bearing and supporting bolts were such that the head of the 
supporting bolt could rotate in any direction. However, it was 
ensured that no displacement of the supporting bolt in any 
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direction could take place. The top recessed surface of the 
bearing bolt and the bottom portion of the supporting bolt were 
hardened to increase the efficiency of the support. 
Figures 4.1.13a &c show details of support B. A comparison of 
Figs 4.1.13b &c indicates that the only difference between the 
two types of supports is in the construction of heads of the 
two types of bearing bolts. The bearing bolt head in this case 
had no recess and was kept flat at its top. The effective 
circular diameter of the bearing bolt's head was the same as 
that of support A, i. e. 30mm, but the overall depth was less, 
i. e. 10mm. A layer of P. T. F. E dry lubricant was also provided 
at the entire top surface of the bearing bolt to assist 
translational movements of the supporting bolt in both lateral 
directions. The top flat surface of the bearing bolt and the 
bottom spherical portion of the supporting bolt were hardened 
to increase the efficiency of the support to rotate in any 
directions. 
Two short struts of 30mm square and of 50mm height were welded 
to the base plate on two sides of each support as shown in 
Fig-4.1-13a. These struts were provided to avoid any 
accidental sliding of the model from its bearing positions. 
4.2 LOADING OF THE MODEL 
In a highway bridge design, the different combinations of 
permanent and transient types of loading should be considered. 
Permanent loads are taken to include the self weight of the 
structure, superimposed dead loads and loads due to filling 
materials. Other permanent loads may also arise due to the 
effects of construction and fabrication, shrinkage and 
settlements of supports of the bridge. Transient loads on the 
bridges are assumed to include live loads with their' impact 
effects, centrifugal forces in case of bridges with horizontal 
curves, longitudinal forces due to traction and braking of 
vehicles and wind loading. A wide range of temperature 
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movements must be allowed at the bridge supports. Temperature 
variation can have an important effect in a bridge deck. 
The various classes of road are required to carry an 
appropriate standard of live loading. A bridge is normally 
designed for H. A. loading (standard highway A type loading) 
and is often checked for abnormal loading type H. B. (standard 
highway B type loading) or the effects of concentrated wheel 
loads. 
H. A. loading can be applied in either of the following two 
methods: 
1. Uniformly distributed loading(UDL) and Knife edge 
loading(KEL) 
2. Single wheel load(100 kN) 
In the first type of H. A. loading, a uniformly distributed 
lane loading(UDL) varies with a span or loaded length for 
bridges with more than one span. It has a value of 30kN per 
metre of lane up to a loaded length of 30 metres and decreases 
in intensity for greater spans according to standard highway 
code. One knife edge load(KEL) of 120kN is uniformly 
distributed across the width of a notional lane. It is 
intended to represent the concentrated effect of a heavy axle 
load. This type of H. A. loading is meant to represent the 
effect of a series of closely spaced vehicles of 240kN laden 
weight in two adjacent traffic lanes. An increase of 25% is 
allowed in deriving H. A. loading to cater for the dynamic 
effects of vehicles. 
In the second type of H. A. loading, a single wheel load of 
100kN is applied to members supporting small areas of roadway. 
The contact area of each wheel on the road surface is assumed 
to be uniformly distributed over a circular or square area 
taking an effective pressure of 1.1N/mm . This form of 
H. A. 
loading is used where the distribution of loads is small so 
that a member may be required virtually to take the full weight 
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of a wheel. 
H. B. loading is a unit loading representing an occasional 
single abnormally heavy vehicle. For motorways and trunk roads 
45 units of H. B. loading is required for all bridges while for 
principal roads the design is checked for 37.5 units of H. B. 
Thus, a total vehicle weight equivalent to 1800kN is applied to 
a motorway bridge. 
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The position of the vehicle is varied across a bridge deck to 
give the worst effects at supports and critical longitudinal or 
transverse moments throughout the span. The overall length of 
the vehicle can be varied in order to achieve the most severe 
case, while the associated H. A. loading can also be arranged 
in various positions, Lindsel[26]. 
The model is of a highway bridge of 3 notional lanes, each of 
which is 2.843 metres wide. H. A. type loading was considered 
on the bridge in accordance with BS5400. This loading was 
determined for a prototype bridge and later reduced to a scale 
of 1: 50 for the model. Two notional traffic lanes were assumed 
to occupy by full type H. A. UDL and KEL, while the third lane 
was considered under one third of H. A. loading. The KEL was 
considered in each lane for the severe flexural conditions. 
The loads were also increased by 25% to cater for a dynamic 
impact effect of the vehicles. 
As the intensity of loading was not the same across the width 
of the bridge, the resulting loading was not uniform. It was 
found that five different types of loads would have to be 
applied at 156 nodal points of the model, if the UDL and KEL 
had been converted into a concentrated nodal point loading 
without any modifications. Consequently, it would have also 
been difficult to carry out such a loading on so many points of 
the model. Hence, this loading was modified in such a way that 
the total amount of load remained the same, but the loads could 
be applied uniformly on smaller number of points. Furthermore, 
115 
five different types of loading at one time were converted into 
two types of loading to be applied in two separate load cases. 
Although the top layer nodal points loading was closer to the 
actual loading of the bridge, the results obtained from 
preliminary analyses had revealed that there was no difference 
in the deformation values and member forces in the model when 
the same loading was transferred to the corresponding bottom 
layer points of the model. Consequently, it was decided to 
apply loading at the bottom layer nodal points as shown in 
Fig-4.2.1, since it was easier to apply loading at the bottom 
layer during the testing of the model. 
As indicated in Fig-4.2-1, three loading'cases were-used for 
both forms of the model, i. e. skeletal and composite. In the 
first case, standard weights were hanged to the hooks which 
were provided below the bottom layer nodes of the model. The 
hooks were fabricated and connected to the bottom layer bolts 
in such a way that a vertical line passing through the centroid 
of each weight coincided with the centroid of corresponding 
bottom layer node of the model. Care was taken to avoid 
eccentric loading. The load was applied'at thirty two points, 
which were marked with' dots in Fig 4.2.1. The total weight, 
which was hanged to each point in this case, was 60 newtons in 
three equal increments of 20 newtons. The load in this case 
had been worked out by adding both UDL and KEL type H. A. 
loading and then spreading uniformly and equally on each of the 
32 bottom layer nodal points. The loading in this case has 
been referred to as the modified uniformly distributed loading. 
Plate-4.5 shows this type of loading arrangement during testing 
of the skeletal model. 
In the second case, 900 newtons'load was applied at each of the 
two nodal points of the middle layer at midspan of the model 
marked as circles in Fig 4.2.1. This two point loading was 
carried out in four, approximately equal, increments. This 
type of loading was meant to represent the concentrated effects 
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of a heavy vehicle on the model and is referred to as two point 
midspan loading. The same R. D. P Howden loading system as 
described by Dianat[13] was employed in this case, since the 
magnitudes'of the loads were too heavy for the hanging weight 
arrangement. The system composed of three hydraulic actuators 
or jacks, a hydraulic power pack and a control unit which 
housed separate loop control system for each jack. The control 
unit also had system for monitoring the output from the load 
cell and displacement transducer of the connected jack. The 
hydraulic jack could move in either direction, i. e., both 
upward and downward, and its movement and load was indicated on 
the controlling panel. It applied a single point load which 
was converted into two points loading. The jack was reacted 
against an I section girder which in turn was bolted to the 
Nodus frames on its both ends. Plate 4.6 shows the details of 
this type of loading. 
The jack was fastened on to horizontal base plates which were 
connected to the' I section girder. The jack bases were 
carefully levelled, before carrying out the test on the model, 
using a sensitive spirit level to ensure that the jack was 
mounted vertically. The fixing bolts between the base and the 
actuator allowed a slight horizontal movement of the jack for 
alignment purposes but were tightened during testing to 
restrict any lateral jack movement. 
The jack was connected to a circular 1" diameter mild steel rod 
which had threaded ends. The other end of the rod was bolted 
to a rectangular steel bar of 1X1.5" which had been employed to 
convert a single point jack load into required two point 
loading. Half circle recesses were made on two points of the 
rectangular bar which had to touch the loading points of the 
model. Heads of the bolts at the loading nodes of the model 
were also shaped according to the recesses in the rectangular 
rod. 
The third type of loading had been applied to observe the 
117 
behaviour of the model under unsymmetrical loading, as the 
first two cases represent symmetrical loading. In this case, 
case 2 loading had been carried out at one quarter span of the 
model employing the same technique. In Fig 4.2.1, this type of 
loading is shown as dots inside circles. Load case 3 is also 
referred to as the two point loading at one quarter span of the 
model. This type of loading can also be observed from 
Plate-4-7 which shows testing of the model for this case. 
4.3 STRAIN AND DEFLECTION MEASUREMENT 
A convenient and widely used technique in an experimental 
stress analysis, for measuring strains in components of a 
structure, is by using electrical resistance strain gauges. 
These gauges are connected directly to a strain measuring 
device which works on the Wheatstone bridge principle. The 
electrical resistance strain gauges operate on the principle 
that when-an electrical conductor is strained, its resistance 
varies in proportion to the strain. If a conductor wire of a 
strain gauge is completely bonded to a component of a 
structure, so that strains experienced by the component are 
transmitted to the-wire, a measure of the change in resistance 
of the wire will indicate the surface strain in the direction 
of wire either on a data logger or on any other strain 
measuring device, e. g. Peekel T200. 
Electrical strain gauges are commercially available in various 
forms for use for different purposes. The. following factors 
are usually considered while selecting a strain gauge for, use 
in the experimental stress analysis: 
1. gauge length, 
2. grid and tab geometry, 
3" resistance in ohms, 
4" self temperature compensation number, 
5" foil alloy, 
6. carrier matrix and 
7" leads. 
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Gauge lengths are the important consideration in the selection 
of strain gauges. They normally vary from 0.5mm to 90mm. The 
grid and tab geometry is chosen according to the diameter or 
size of the member to be investigated. A rectangular geometry 
is preferred for a thinner member to achieve better results. 
Strain gauges with resistance of 120 and 350 ohms are commonly 
used in the experimental stress analysis. For the majority of 
applications, 120-ohm gauges are usually suitable; 350-ohm 
gauges would be preferred to reduce heat generation due to 
applied voltage across the gauge, to decrease lead wire 
effects, or to improve signal-to-noise ratios in the gauge 
circuit. 
Nowadays generally, strain gauges are self temperature 
compensated for use in different structural materials with 
specific thermal expansion coefficients. Self temperature 
compensated gauges can be used without providing a dummy gauge 
to take care of temperature effects provided that the 
Wheatstone bridge circuit is complete. Strain sensitive 
filaments or foil conductors of strain gauges, are very thin 
and are manufactured from various alloys. The range and 
accuracy in a strain measurement for a strain gauge depends 
upon the type of foil alloy used. The filament is fixed 
between two pieces of thin material which is called the carrier 
base or matrix. These may be of plastic, bakelite or araldite 
with a suitable cementing material. The ends of the filament 
are soldered to two relatively large diameter wires called 
leads. Strain gauges are also commercially available with 
integral copper coated terminals or leads. 
Gauge factor is the measure of sensitivity, or output produced 
by a resistance strain gauge. Usually, strain gauges are 
supplied by manufacturers in batches with a constant gauge 
factor which varies from 1.9 to 3.2. The gauge factor is 
determined through calibration of the specific gauge type, and 
is the ratio A R/R and strain, where R is the initial 
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resistance and Oft is the change in resistance of the strain 
gauge. The gauge factor is affected somewhat by a pattern 
size, self temperature compensation factor, and temperature. 
To obtain both the axial and bending strains, two strain gauges 
were bonded diametrically opposite each other in vertical plane 
onto skeletal members of the model by using a quarter bridge 
system as shown in Fig. 4.3.1. In this system, an active and a 
dummy gauge are connected on two sides of the Wheatstone 
bridge, where the resistance of each gauge should be equal. 
Normal strains of both the active gauges on either side of the 
members were recorded separately and then axial strains were 
computed independently. 
Due to the large number of joints and members in the model, 
there was insufficient instrumentation to monitor the behaviour 
of the entire structure. Therefore the available 
instrumentation was positioned to monitor the deflections of 
nodes with theoretical large vertical displacements (which will 
be explained later) and stresses in the members which were 
theoretically highly strained. Although the model was 
symmetrical about its midspan, the instrumentation was 
installed on symmetrical positions of the structure as shown in 
Fig-4-3.2a. However, it was useful to utilize this symmetric 
property by measuring the strains of symmetrical points and 
taking their average, thus eliminating the effects of the built 
in eccentricities of joints of the model during its 
construction and other irregularities during its testing. This 
arrangement also provided an indirect check on recording of 
different parameters while testing under symmetrical loading 
cases. 
Two types of strain gauges used for the model are as follows: 
(1) Linear resistance strain gauges with a gauge factor of 
2.095 had been installed on the eighteen tube members 
of the model. On each of the eighteen tube members, 
two strain gauges were fixed diametrically opposite 
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each other in the vertical plane, as shown in Fig 
4.3.2a. Normal strains from gauges on both sides of 
tube members were measured separately. Mean axial 
strains were computed for all the gauged members by 
taking average of the top and bottom measured strains. 
The resistance and gauge length of each one of the 
strain gauges was 120 ohms and 0.12"(3mm), 
respectively. As already mentioned, these strain 
gauges were used'in the quarter bridge system. Strain 
gauges had been connected to the Peekel T200 through 
two extension boxes(Type 23U) which jointed all the 
gauges in succession. A central dummy gauge was 
mounted on a brass tube member outside the model to 
complete the Wheatstone bridge circuit. 
(2) Thirteen 45 0 strain rosettes with a gauge factor of 
2.05 had been used on top surface of the aluminium 
sheet fixed to the top layer of the model (Fig 
4.3.2b). Each strain rosette was composed of three 
filaments arranged in three directions in horizontal 
plane and its middle filament making an angle of 450 
with the other two which were set at right angle to 
one another. The resistance in each one of the 
filaments was the same as that for the linear `strain 
filaments, i. e. 120 ohms, but the gauge length of 
each filament was half that of linear strain filament, 
i. e. 0.06"(1.5mm). Normal strains in the three 
directions were measured from strain rosettes at each 
of the thirteen points over the top surface of the 
plate and then the maximum and minimum principal 
strains and stresses were computed independently. - All 
the measuring points of strain rosettes were connected 
to the two extension boxes which in turn were attached 
to the Peekel T200 as in the case of linear strain 
gauges. A central dummy gauge was affixed to a small 
aluminium strip which was used to complete the 
Wheatstone bridge circuit in this case. 
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The measurement of deflections has always been an equally 
important aspect of experimental studies. There were two main 
methods of measuring deflections: by using dial gauges or by 
using transducers(L. V. D. Ts). Dial gauges were preferred as 
they could be used without the need of a data logger. They 
were used to measure vertical deflections at four points of the 
bottom layer and ten points of the middle layer of the model as 
shown by circles in Fig 4.3.2a. Dial gauges, which were fixed 
to the reference frame with the help of their magnetic bases, 
were connected to the corresponding nodal points with polyester 
threads. The reference frame will be explained later. Care 
had been taken while fixing these dial gauges that the vertical 
lines passing through centroids of dial gauges were coincident 
with the corresponding nodes of the model. 
The photographs were taken as a check to monitor deflections 
during testing. A picture was taken at the start and the end 
of each increment of the loading. 
4.4 REFERENCE FRAME FOR THE MODEL 
The model was'supported on the Nodus units arranged in the form 
of supporting frame. The model was at a height of 1435mm from 
floor level of the laboratory at its bottom, because the top 
member of each one of the Nodus units was at a height of 
1400mm. Furthermore, two supporting Nodus units (each one of 
which was made up of two interconnected pyramids) were set 
according to the span of the model in longitudinal direction, 
i. e 4095mm centre to centre. It was likely that an accidental 
kick or vibration might have caused disturbance to either any 
component of the Nodus units or to any dial gauge and hence, 
effecting the experimental results, if two Nodus units would 
have not been interconnected with longitudinal bracing members 
(cf. Figs 4.4.1-2). The supporting Nodus units along with 
bracing members are referred to as the 'reference frame for the 
model'. 
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Each one of the two longitudinal bracing members was built up 
of two perforated steel channel sections of 8OX4OX2mm. These 
bracing members were connected on their both ends to bottom 
members of the Nodus frame as shown in Fig 4.4.2. As can be 
observed from Fig 4.3.2a, all the dial gauges for the 
measurement of deflections were in central portion of the 
model. Therefore, 1200X850mm area below the central portion of 
the model was provided with a steel sheet of SWG18 for fixing 
magnetic bases of dial gauges. This steel sheet was connected 
at the top of another frame which was made up of steel angle 
sections of 40X4OX2mm as shown in Fig 4.4.1. The six vertical 
members of the frame were tightly connected to the longitudinal 
bracing members at the bottom, i. e., three angle sections to 
each bracing member which divide it into two equal spans. The 
vertical members were interconnected by diagonal and horizontal 
members to stop lateral sway of the frame. The steel sheet was 
fastened to the horizontal members set at 900 and 450 to each 
other. The dial gauges were fixed to this sheet with the help 
of magnetic bases. Consequently, fixing of dial gauges to the 
top of the sheet, which was at 750mm height from the ground 
level, provided ease in recording deflections. Plates-4-5,4.7 
& 4.8 show various details of the reference frame in pictorial 
form. 
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CHAPTER 5 
EXPERIMENTAL RESULTS 
5.0 INTRODUCTION 
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The construction and experimental set up of the model of a 
triple layer grid has been described in Chapter 4. Theoretical 
and experimental results of the model will be compared with 
each other in this Chapter. A computer program based on the 
standard stiffness method (cf. Chapter 3) was used to 
determine theoretical results. The comparison of the two types 
of results will help to validate the assumptions employed in 
the theoretical solution which then will be used to explore the 
structural behaviour of composite triple layer grids in the 
subsequent chapters. 
The experimental studies were conducted initially on the model 
made with skeletal brass tube members only and subsequently, 
the tests were carried out on the same model by connecting an 
aluminium sheet to the top layer as its integral part. The 
model is referred to as the skeletal model in the former case, 
while it will be known as the composite model in the latter 
case. Applied loadings were designed such that member forces 
both in the skeletal and composite models remained well within 
the elastic limit of the material. The choice of loading 
magnitudes facilitated the use of the same model for all the 
experiments. Three loading cases were used in both the 
skeletal as well as the composite model (section 4.2). 
However, load case 3 was also applied on the opposite side of 
the composite model at one quarter of its span to check the 
symmetric behaviour of the structure. The investigations have 
been referred to as Tests la, 2a, and 3a according to the 
applied loading cases on the skeletal model and are referred to 
as Tests 1b, 2b and 3b for the corresponding loading cases on 
the composite model. 
The pin-ended conditions cannot exist in structures, end 
conditions of members may be in between fixed and pinned 
idealizations. The skeletal members meeting at a joint from 
different directions were lapped one over the other after 
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folding and bolting long lengths of tubes at required 
centroidal distances (cf. Fig 4.1.11 & plate 4.1&2). This 
type of connection produced some eccentricities, in the 
vertical plane between the members, at the joints of the model. 
The aluminium sheet, in case of the composite model, was 
fastened to the top layer skeletal joints which, also, resulted 
into eccentric- connections. Due to the member eccentricitis, 
fixed end conditions were to be considered in the analysis of 
the model. It should be noted that the developed computer 
program can deal with member eccentricities in both the 
vertical and horizontal planes of structures. 
The preliminary analyses on the model revealed that axial 
forces in skeletal members were predominant and the other types 
of forces were relatively negligible. The available 
instrumentation was, therefore, used to monitor nodal 
deflections and normal strains in the highly stressed zone of 
the structure. An average value, from the two strain gauges 
which were fixed opposite to one another in the vertical plane 
of each tube member (section 4.3), was used to calculate axial 
strains. Hence, axial forces were computed, in each of the 
gauged skeletal members. Moreover, the principal strains and 
stresses, at the top surface of the aluminium sheet in the 
composite model, were computed from three directional normal 
strains measured from strain rosettes. 
In this chapter, the description of the testing procedure 
(section 5.1) is followed by a discussion on results obtained 
from the three tests performed on the skeletal model in 
sections 5.2 to 5.4. Further, results of the three tests on 
the composite model are discussed (sections 5.5 to 5.7). This 
chapter is concluded by a general discussion on the comparison 
of theoretical and experimental results. However, the general 
stress distribution in all the components of the triple layer 
grid and the significant features of the comparison between the 
skeletal and composite triple layer grids will be discussed in 
Chapter 6. 
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5.1 TESTING OF THE MODEL 
The model's experimental set up was described in Chapter 4. 
Testing of the model was carried out as follows: 
1)After assembling, the skeletal model was positioned on 
the reference frame. A bearing was attached to each of 
the support joints. At this stage, the strain gauges were 
already installed. 
2)The wiring of the strain gauges to the Peekle T200 was 
completed and checked. 
3)The dial gauges to measure deflections were connected 
to the required points. 
4)The loading arrangements were prepared according to the 
procedure given in section 4.2. In case of Test-la or 1b, 
all the required standard weights were brought near the 
model. These weights were applied, in a required number 
of increments, to hooks already attached to the loading 
points. However, in case of load type 2 or 3 where 
hydraulic jack was employed for loading, the following 
procedure was adopted: 
a)The power pack of the hydraulic system was swicthed on. 
The system was left running until the oil reached a stable 
temperature. 
b)The level of the jack base was checked by a sensitive 
spirit level to ensure that it was mounted vertically. 
c)The calibration of the load cell was done before it was 
connected to the square bar which in turn had been 
attached to the loading nodes. 
5)The camera was set to take pictures of dial gauges in 
order to monitor the deflections. 
6)At zero load, the initial reading of dial gauges and 
strain gauges were recorded. 
7)Then loads were applied in a required number of increments 
The readings of gauges were recorded after 60 seconds of 
the application of every incremental loading to let the 
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distribution of forces is plotted such that tensile and 
compressive type of forces can be identified easily. The 
magnitude of theoretical tensile forces are shaded across 
member lengths by more closely spaced lines than those of the 
compressive forces; in addition, tensile and compressive 
forces have, also, been plotted on the opposite sides of 
members. Further, axial force diagrams have been drawn 
according to the interconnection pattern of members. A tensile 
force is plotted on that side of a member which makes a 
counterclockwise rotation from its first node to the second 
node and vice versa. Although experimental forces are not 
hatched across member lengths, yet tensile forces can be 
recognised from compressive ones from the dotted line style and 
rotation of the nodes. 
The following important points emerged from the comparison of 
theoretical and experimental investigations: 
(1)Figure 5.2.1 shows that the maximum discrepancy of the 
experimental deflections from the corresponding 
theoretical deflections was only 5%; the difference 
varies between -2 to 5%. (The minus sign indicates that 
measured values were smaller than theoretical 
predictions. ) 
(2)The load versus deflection curves (Figs 5.2.4a-d) of the 
model also show an agreement between the experimental and 
theoretical results. This agreement was better for 
smaller increments of loading compared with the larger 
increments. The increase in experimental deflections for 
the larger increments of loading was due to the creep in 
polyester threads used to connect dial gauges with the 
corresponding nodes of the model. The creep was found to 
increase with the increase in loading. Although every 
possible care was taken to remove gaps between the folded 
members connected in the form of lap joints (cf. section 
4.2.3), the 
, gaps 
between the members connected at the 
joints could not be eliminated completely which also 
caused increased deflections in the model for larger 
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loading increments. 
(3)The distribution of axial forces in the model's bottom 
layer and bottom diagonals, obtained from theoretical and 
experimental investigations, are shown in Figs 5.2.2&3, 
respectively. The agreement between axial forces in the 
bottom layer is good to within 10 to 14%, theoretical 
values being higher. One possible reason, for the lower 
values of experimental forces as compared with the 
theoretical ones, was relatively high rigidity of joints 
of the model. Most of the joints in the model were of a 
considerable size, e. g. the joints in the middle layer 
of the structure were 25mm deep compared with only 7.14mm 
outer diameter of the tube members. However, a joint is 
considered as a point (i. e. of zero volume) for purpose 
of the analysis of the structure. Furthermore, some of 
the loading hooks were not exactly straight and hence 
effective vertical loading was slightly smaller than 
theoretical one. 
(4)The load versus mean axial strain curves (Figs 5.2.5a-d) 
confirmed the theoretically predicted linear behaviour of 
the structure. Experimental and theoretical curves 
showed a good agreement with one another. 
5.3 SKELETAL MODEL UNDER TWO POINT 14IDSPAN LOADING 
In this case, a two point loading was applied at the two 
central midspan nodes in the middle layer of the model which is 
also referred to as load case 2. The loading was carried out 
in four, approximately equal, increments by the hydraulic jack 
(cf. section 4.2). The investigations in this case are 
referred to as Test-2a. Figure 5.3 shows the plan view of the 
model which, also, indicates the loading and supporting nodes 
of the structure. The experimental results were, generally, 
compared well with theoretical predictions (Figs 5.3.1 to 
5.3.5d). The following points, observed from the model's 
behaviour in this case, are noteworthy: 
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(1)The deflections, obtained from the theoretical and 
experimental investigations, were found to agree with one 
another (Fig 5.3.1). The measured deflections were 2 to 
12% larger than the theoretical values. The relatively 
large discrepancies in deflections were due to a more 
precise method of load application in this case compared 
with the load case 1. In other words, the effective 
loading was relatively close to that considered in the 
analysis. Further, the gaps in joints and creeping of 
polyester threads helped in producing relatively large 
deflections for the two point loading. 
(2)The theoretical and experimental load-deflection curves 
(Figs 5.3.4a-d) show a good agreement with each other. 
(3)Figures 5.3.2&3 show the distribution of axial forces 
in the bottom layer and bottom diagonals, respectively. 
The theoretical predictions were significantly close to 
the experimental observations. The close resemblance of 
the two types of forces can be attributed to relatively 
accurate procedure of the two point loading. The 
discrepancy between the two types of results ranged 
between -3 to 9%, which is considerably smaller compared 
with the previous case where it had varied between 10 to 
14% (cf. ' section 5.2). (The minus sign indicates that 
the experimental values were larger than the theoretical 
ones. ) 
(4)The experimental and theoretical load versus mean axial 
strain curves (Figs 5.3.5a-d) show a good agreement. 
Further, experimental curves confirmed the theoretical 
linear behaviour of the structure. 
5.4 SKELETAL MODEL UNDER TWO POINT LOADING AT ONE 
QUARTER SPAN 
Approximately the same magnitude of loading was applied on the 
two middle layer nodes at the one quarter span of the model 
(referred to as load case 3) as was the case in Test-2a. The 
investigations in this case are referred to as Test-3a. The 
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loading was carried out in four, approximately equal, 
increments. Figure 5.4 shows a plan of the model with loading 
points marked with dots; in addition, the supporting points 
have also been indicated as circles. The comparison of 
experimental and theoretical results (Figs 5.4.1-5.4.5d) show a 
good agreement with one another. Due to the unsymmetrical 
loading position, the results were produced for the full model. 
The noteworthy points which emerged from the comparison of the 
two types of results are as follows: 
(1)Figures 5.4.1a&b show a close agreement between the 
experimental and theoretical deflections. The measured 
values were, only, 1 to 9% larger than those predicted by 
the analysis. 
(2)The load-deflection curves (cf. Figs 5.4.4a-d) show a 
comparison of theoretical and experimental behaviour. 
Apart from small discrepancies the observed and predicted 
curves, in most of the cases, agree with each other. The 
reasons for small discrepancies in deflections obtained 
from the two methods have been explained in sections 
5.2&3. 
(3)A good agreement of the distribution of axial forces in 
the bottom layer and bottom diagonals of the model, 
obtained from theoretical and experimental 
investigations, is evident from Figs 5.4.2a to 5.4.3b. 
The discrepancies between theoretical and experimental 
forces varied from -3 to 8%. (The minus sign implies 
that the measured axial forces in the model were larger 
than the theoretical ones. ) 
(4)The load versus mean axial strain curves, obtained from 
theoretical and experimental investigations for some of 
the gauged members, are shown in Figs 5.4.5a-d. The 
experimental curves demonstrated a linear behaviour as 
assumed in the analysis; in addition, the two types of 
curves have a close resemblance with each other. 
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5.5 COMPOSITE MODEL UNDER MODIFIED UDL 
Following the tests on the skeletal model, it was converted 
into the composite model by attaching an aluminium sheet to its 
top layer as an integral part of the structure (details in 
section 4.1.3). Strain rosettes were then installed on the top 
surface of the aluminium sheet. 
Investigation carried out on the composite model under the 
modified UD loading (i. e. load case 1) is referred to as 
Test-lb. Applied loading in this case was increased from 60N 
to 80N at each of 32 bottom layer nodes of the model, as was in 
the case of Test-la. The loading in this case was carried out 
in four equal increments of 20N. Addition of the aluminium 
sheet enhanced the rigidity of the structure, which enabled to 
increase the magnitude of applied loading for the composite 
model. However, to obtain a comparison between the skeletal 
and composite models, the stress distributions were produced 
for the 60N loading. Nevertheless, the experimental 
measurements were carried out up to the 80N loading to observe 
the effects on the behaviour of the structure. 
Figure 5.5 shows the plan view of the model where loading and 
supporting nodes are also indicated. The nodal deflections and 
normal strains in skeletal members were measured. In addition, 
the normal strains from strain rosettes installed on the 
aluminium sheet were also recorded. Measured normal strains, 
as in the skeletal model, were used to determine axial strains 
and corresponding axial forces in skeletal members of the 
composite model. Strains obtained from strain rosettes were 
used to compute principal strains and stresses in the aluminium 
sheet. 
The maximum and minimum principal strains were computed from 
the normal strains measured by strain rosettes installed on the 
top surface of aluminium' sheet. The strain rosettes were 
affixed at the centre of sheet's panels to avoid the stress 
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concentration near the holes, made for bolts which were used to 
connect sheet with the model. An average of the principal 
strains, predicted by the analysis, at four nodes of each 
rectangular finite element was used for a comparison with 
experimentally determined values. For this purpose, the stress 
distribution across a finite plate element was assumed to be 
linear. 
The comparison of experimental and theoretical results is 
presented as stress distribution diagrams and curves (Figs 
5.5.1 to 5.5.7d). The experimental deflections or axial forces 
are represented by dotted lines in these figures, whereas 
theoretical values are indicated as solid lines. The same 
technique was adopted to show the axial and principal strains 
in the curves. However, the principal stress distributions are 
shown in a different way. A factor is indicated to represent 
each principal stress in the figures. This factor is a ratio 
(multiplied by 1000) of the principal stress at a point to the 
theoretical maximum principal stress in the model. The 
experimental values can be recognised easily, because they are 
recorded in the italic character style compared with normal 
character style of the theoretical values; in addition, the 
experimental factors are shown in parentheses. 
The following important points emerged from this study: 
(1)The measured and predicted deflections were even closer 
to each other than that of the corresponding test on the 
skeletal model (cf. Figs 5.2.1&5.5.1). The discrepancy 
in this case ranges between -1 to 3% which is less than 
what was observed in all the three tests on the skeletal 
model. (The minus sign indicates that theoretical 
deflections were relatively more. ) Experimental 
deflections in the composite model were 42% less than 
those in the skeletal model under the same loading, while 
a 41% decrease was predicted by the analysis. It follows 
that assessment of increase in the flexural rigidity of 
the model was close to the actual one. However, the 
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slightly large simulation of the rigidity of the model 
helped to reduce the difference between theoretical and 
experimental deflections. 
(2)The theoretical and experimental deflection curves 
(Figs 5.5.5a-d) show a close resemblance with each other. 
An important feature noted from the composite model's 
behaviour was that though the applied loading was 
increased by 33%, as compared to Test-la on the skeletal 
model, the deflections were still relatively small even 
under a higher load. 
(3)Figures 5.5.2&3 demonstrate stress distributions in the 
bottom layer and bottom diagonals, respectively. 
Measured axial forces were less than those predicted by 
the analysis. The range of discrepancies was 11 to 21%, 
which is the highest among all the tests on the model. 
The variation between the two types of axial forces were 
partly due to reasons mentioned in section 5.2 and partly 
due to relatively large assessment in the increase of 
rigidity of structure, as discussed above in point 1. 
Furthermore, the results were also affected due to the 
initial lack of straightness and imperfections in the 
aluminium sheet. It was also observed that the stress 
distribution in the composite model's bottom layer did 
not vary much from the corresponding case on the skeletal 
model. The neutral plane shifted upward towards the 
aluminium sheet, therefore, axial forces in the composite 
model's bottom layer members did not decrease, from the 
skeletal model, by the same degree as its rigidity had 
increased. Experimental forces in the composite model 
was reduced by 9% as compared to the skeletal model under 
similar loading as against the prediction of 6.1% 
decrease. 
(4)The load versus mean axial strain curves for both the 
theoretical and experimental investigations showed the 
linear behaviour of the model even under relatively heavy 
loading (cf. Figs 5.5.6a-d). 
(5)The distribution of the maximum principal stresses in 
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the aluminium sheet of the model, obtained from 
theoretical and experimental investigations, is shown in 
Fig 5.5.4. Experimental principal stresses agreed well 
with theoretical ones only in relatively flat panels of 
the sheet. The panels, which were corrugated upward, 
experienced positive principal strains which was opposite 
to the predicted behaviour. However, the sheet panels 
with downward corrugations indicated much higher 
principal strains than those predicted by the analysis. 
In the former case, experimental values were found to be 
less than the theoretical ones due to the corrugations in 
those panels, opposite to the direction of overall 
bending of the model. 
(6)Only those load-principal strain curves are presented 
which had some agreement between the two types of 
investigations. Figures 5.5.7a-d show both the 
theoretical and experimental curves which demonstrate a 
reasonable agreement with each other. 
5.6 COMPOSITE MODEL UNDER TWO POINT MIDSPAN LOADING 
The same two central midspan concentrated point loading, as 
used in Test-2a, was employed by the hydraulic jack. The 
investigations in this case are referred to as Test-2b. 
However, the 'magnitude of applied loading was increased to 
1200N, 33% more than the Test-2a. This was carried out in 
four, approximately equal, increments. As described in section 
5.5, the increase in loading was possible due to relatively 
high stiffness of the composite model. The same loading which 
was considered for the skeletal model, i. e. 900N, was used in 
the analysis for the purpose of comparison between the skeletal 
and composite models. 
Figure 5.6 shows a plan view of the structure indicating 
loading points and the other details. Experimental 
investigations were evaluated similar to Test-lb and the 
results were, also, plotted in the form of curves and diagrams 
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showing a comparison with theoretical predictions. Figures 
5.6.1 to 5.6.7d demonstrate a comparison between the experiment 
and theory for various parameters, e. g. nodal deflections and 
axial forces, etc. 
The following important points emerged from this study: 
(1)Deflections obtained from the theoretical and 
experimental investigations showed a good agreement with 
each other (Fig 5.6.1). The discrepancy between the two 
types of results was significantly low and varied between 
-4 to 5%. (The minus sign indicates that the theoretical 
predictions were larger than the experimental ones. ) Due 
to relatively large stiffness, the maximum decrease in 
measured deflections in the composite model compared with 
those in the skeletal model under the same loading was 
44%, whereas theoretically the decrease was 41%. 
(2)The theoretical and experimental load-deflection curves 
compared well with each other (cf. Figs 5.6.5a-d). 
These curves also show that the deflections were still 
relatively low even when the applied loading was 
increased by 33% from the corresponding Test-2a on the 
skeletal model. This was due to relatively large 
stiffness of the composite model. 
(3)The distribution of axial forces in the bottom layer 
longitudinal members and bottom diagonals demonstrate a 
good agreement between the theoretical and experimental 
predictions, Figs 5.6.2&3. The load application was more 
accurate in this case than in Test-lb. Therefore, 
theoretical and experimental axial forces were closer to 
one another than those in Test-1b, which is similar to 
Test-2a where axial forces, obtained from the two 
methods, had agreed better with each other than those in 
Test-la. The experimental values were only 7 to 13% less 
than those of theoretical ones compared with Test-lb 
where this discrepancy varied between 11 to 21%. The 
decrease in the bottom layer forces was not proportionate 
to the increase in the stiffness of the structure. The 
162 ' 
maximum strain measured was 11% less than that in the 
respective test on the skeletal model under the same 
loading, while the decrease of 6.7% was predicted. 
(4)The load versus mean axial strain curves (Figs 5.6.6a-d) 
show an agreement between experimental and theoretical 
results. Although the applied loading was enhanced by 
33%, the curves showed linear behaviour even under 
relatively high strains which indicated the reserve 
strength of the structure as predicted by the analysis. 
(5)A comparison of theoretical and experimental principal 
stresses in the sheeting is shown in Fig 5.6.4. The 
discrepancies between the two types of results were due 
to reasons explained in section 5.5. Due to the 
concentration of stresses near the point of load 
application, the maximum principal stresses in this case 
were 40% more than those in Test-lb. 
(6)The principal strains obtained from theoretical and 
experimental methods, on only a few points of the 
aluminium sheet, were found to agree with one another and 
were plotted as load-principal strain curves (Figs 
5.6.7a-d). 
5.7 COMPOSITE MODEL UNDER TWO POINT LOADING AT ONE 
QUARTER SPAN 
Approximately the same magnitude of loading, as in Test-2b, was 
applied at the two middle layer nodes of the composite model at 
one quarter of its span. This is referred to as load case 3. 
In a manner similar to Test-2b, the loading was carried out in 
four, approximately equal, increments. The magnitude of 
applied loading had been increased by 33% than that employed on 
the skeletal model. As discussed above(section 5.5), the 
increase in loading was a direct result of relatively large 
stiffness of the composite model. In order to compare the 
behaviour of the skeletal and composite models, the same 
loading which was employed in case of the skeletal model was 
considered in the analysis. The investigations in this case 
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are referred to as Test-3b. 
Figure 5.7-shows the plan view of the structure which indicates 
loading and other details of the composite model. Figures 
5.7.1 to 5.7.7d illustrate the comparison between experimental 
and theoretical parameters, e. g. nodal deflections and axial 
forces, etc in the model. The two types of results generally 
agreed with one another. The study of these parameters 
indicates the following important points: 
(1)The theoretical and experimental deflections generally 
agreed with one another (Fig 5.7.1). The difference 
between experimental and theoretical deflections varied 
between -4 to 4% with the exception of one point, where 
the discrepancy was -8%. (The minus sign indicates that 
measured values were less than the others. ) Due to 
relatively large flexural rigidity, the composite model 
deflected 43%. less than the skeletal model under the same 
loading conditions, while theoretically this difference 
was determined as 40.4%. 
(2)The load-deflection curves (Figs 5.7.5a-d) show a good 
agreement between the experiment and theory. The 
comparison of load-deflection curves in this case with 
the corresponding curves of Test-3a(section 5.4) showed 
that relatively heavy loading on the composite model 
yielded less deflections than those in the skeletal 
model. 
(3)The distribution of forces have been shown in Figs 5.7.2 
& 5.7.3 for the model's bottom layer and bottom 
diagonals, respectively. The axial forces computed from 
measured strains were found 6 to 16% less than those 
predicted by the analysis. The reasons of 
inconsistencies between the two types of investigations 
have been described in section 5.5. However, the 
difference of axial forces in this case is less than that 
of Test-lb due to a relatively accurate load application. 
The maximum experimental strain was 15% smaller than that 
of the skeletal model under the same loading, while a 
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decrease of 7.5% in forces was determined theoretically. 
(4)The load versus mean axial strain curves, obtained from 
theoretical and experimental investigations, showed 
reasonably compatible results of the two methods (Figs 
5.7.6a-d). 
(5)The distribution of principal stresses in the aluminium 
sheet has been shown in Fig 5.7.4. The discrepancy, of 
theoretical principal stresses with experimental ones, 
was attributed to reasons described in section 5.5. 
(6)The theoretical and experimental load versus principal 
strain curves are only presented for those panels of the 
aluminium sheet which showed a good agreement (Figs 
5.7.7a-d). 
5.8 CONCLUDING DISCUSSION 
In the previous sections, experimental observations of the 
model are compared with the theoretical results. Further, a 
comparison of the behaviour of the skeletal and composite 
models have been discussed briefly. This section summarizes 
various conclusions drawn from the study and emphasizes the 
salient points. 
It has been shown above that measured deflections of the model 
in all the test cases were in a good agreement with those 
obtained theoretically. However, in most cases, experimental 
displacements were found slightly larger than the theoretical 
ones. This behaviour was attributed to two reasons; joints of 
the model and connections of dial gauges to the model 
(cf. 
sections 5.2). Generally, experimental load-displacement 
curves showed a closer resemblance with theoretical ones under 
smaller increments of loads than under larger ones. The 
experimental curves were found to deviate for the larger 
loading increments from the others due to the reasons mentioned 
above. 
The measured deflections obtained from all the three tests 
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(Tests-1b, 2b and 3b) carried out on the composite model proved 
even more compatible and consistent with the theoretical ones 
than those observed from the tests (Tests-la, 2a and 3a) on the 
skeletal model. In the three tests on the composite model, the 
displacements were recorded not only larger than those 
predicted by theoretical analyses but also smaller than the 
others (cf. Figs 5.5.1,5.6.1 & 5.7.1). This close 
resemblance between the two types of results indicated that 
theoretical assessment in the increase of flexural rigidity, 
due to the addition of aluminium sheet to the model, was 
slightly more than that of the actual behaviour of the model. 
The change in flexural rigidity of the model can also be 
estimated from the amount of experimental and theoretical 
deflections which decreased in the composite model compared 
with the respective test on the skeletal model. The composite 
model yielded 42 to 47% less deflections than the skeletal 
model under the three loading cases, while theoretical analyses 
predicted almost the same order of decrease in deflections, 
i. e. 41%, for all three cases. The simulation of this 
slightly higher change, of the composite model's stiffness than 
the actual one, was one possible reason for the above mentioned 
significantly compatible behaviour of the two types of 
investigations. 
Another notable feature emerged from the comparative study was 
that deflections at two nodes of the same section across the 
long span of the model were slightly different from one 
another. However, the same deflection was determined by the 
analysis for the two nodes. The relatively larger deflections 
were observed on the side of the model which had slightly less 
depth of the structure than the other side. The same depth was 
used in the analysis which was taken as an average of the 
measured depths at several points of the model. However, the 
maximum discrepancy in the depth between any two points of the 
model was only 2%. In Test-2a, the maximum variation in 
experimental deflections at the two nodes of the same section 
166 
across the long span was 8%. However, this change might also 
be attributed to the gaps in joints and creeping of threads. 
The joints at the above mentioned particular section had 
slightly large gaps on the side which yielded relatively large 
deflection than the other side. 
The discussion of axial forces in skeletal members of those 
components of the model which had not been covered by 
experimental investigations is deferred to the next chapter. 
Axial forces obtained from experimental investigations in all 
the cases were in a good agreement with those predicted by the 
analysis. However, a significant point noted from the study of 
axial forces was that in majority of cases measured axial 
forces were slightly less than the theoretical ones. The load 
application by the hydraulic jack was more precise than the 
case with hanging weights arrangement. Therefore, axial forces 
obtained from the tests under the former method of loading were 
found to be relatively closer to those obtained from the 
analysis. Nevertheless, the discrepancy in experimental and 
theoretical values of axial forces was attributed to the 
simulation of joint conditions. The relatively high rigidity 
of the model's joints was a contributory factor towards the 
lower experimental strains. As described above (section 5.2), 
some joints of the model were 25mm deep as against mathematical 
simulation where they were considered as points. 
Axial forces in the bottom layer members of the composite model 
did not decrease as much as its flexural rigidity had increased 
from the skeletal form. Due to upward movement of the neutral 
plane, experimental axial forces in the bottom layer members of 
the composite model were 9 to 15% less than those of the 
skeletal model under the same loading. The upward shift of the 
neutral plane in the composite model was caused by the integral 
effect of aluminium sheet fixed to the top layer. However, the 
decrease predicted by the analysis was 7.5% for the composite 
model from the skeletal one. This variation between the 
experimental and theoretical forces was more than the change in 
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percentage difference of deflections, as described above in 
this section. The larger change (in percentage) in axial 
forces than in deflections revealed that the location of 
neutral plane was, probably, simulated higher in the analysis 
than its actual position. As a result, relatively large 
distance from the neutral plane was one possible reason for 
higher theoretical prediction of axial forces in the model. 
As known, forces in the top and bottom diagonals of the model 
indicated that they, depended upon shear forces in the 
structure. The same had been observed from the theoretical 
prediction. The magnitude of axial strains in these members 
did not indicate significant change between the skeletal and 
composite forms of the structure under the same loading. 
The stress distribution in plate elements were discussed for 
all the three loading cases of the composite model in their 
respective sections. The reasons for discrepancies between the 
theoretical, and experimental values were, also, given. One of 
the reasons of the higher experimental principal stresses, at 
most of the points, 'may be attributed to relatively low 
location of the, neutral plane of the model. However, the 
irregular corrugations and imperfections in the aluminium sheet 
were the main cause for the difference in the two types of 
predictions for the principal stresses. 
In conclusion, it can be noted that the experimental 
investigations confirmed the predictions of the theoretical 
analysis. It follows that the linear elastic analysis is 
sufficient for such structures as can be observed from 
experimental curves. Further, the non-existence of in-plane 
rotation 9 in the plate elements made ne apparent difference 
at least for the analysis of flat composite triple layer grids. 
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FIG 5.6.1 COMPARISON OF VERTICAL DEFLECTIONS IN THE MIDDLE LAYER 
OBTAINED FROM TEST NO 2b 
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FIG 5.6.2 COMPARISON OF AXIAL FORCES IN THE BOTTOM LAYER 
LONGITUDINAL MEMBERS OBTAINED FROM TEST-2b 
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FIG 5.6.4 RATIOS OF PRINCIPAL STRESSES TO THE MAX PRINCIPAL 
STRESSc1000 IN THE MODEL'S TOP SHEET FROM TEST-2b 
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FIG 5.6.3 COMPARISON OF AXIAL FORCES IN THE BOTTOM DIAGONALS 
OBTAINED FROM TEST NO 2b 
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FIG 5.7 LOADING OF 899.9N AT EACH MARKED POINT FOR TEST NO 3b 
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FIG 5.7.1 COMPARISON OF DEFLECTIONS IN THE MIDDLE LAYER FROM TEST-3b 
SCALE=1 :1 
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FIG 5.7.2 COMPARISON OF AXIAL FORCES IN BOTTOM LAYER FROM TEST-3b 
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FIG 5.7.4 RATIOS OF PRINCIPAL STRESSES TO THE MAX PRINCIPAL 
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CHAPTER 6 
COMPARISON OF SKELETAL & COMPOSITE TRIPLE LAYER GRIDS 
6.0 INTRODUCTION 
The experimental studies (chapter 5) on the model of the 
skeletal and composite triple layer grid, showed that the 
assumptions employed in the theoretical analysis were quite 
reasonable. The theoretical predictions for various 
parameters, such as deflections, axial forces, etc. of the 
skeletal as well as the composite model were in a good 
agreement with the experimental observations. This chapter 
deals with various aspects of the theoretical behaviour of the 
skeletal and composite triple layer -grids with specific 
reference to the experimental model. Further, it describes 
significant features of the comparison of deflections and axial 
forces of the skeletal and composite triple layer grids. The 
study of the structural behaviour of triple layer grids in 
Chapters 5 and 6 led to an evaluation of an approximate 
analytical technique. This method will be subsequently used 
for the analysis of skeletal-and composite triple layer grids 
(chapters 7& 8). 
The study reveals the significant improvement in the structural 
performance of composite triple layer grids over the skeletal 
ones due to integral actions of the top sheeting. It follows 
that the practice of neglecting claddings of a double or multi 
layer space structure in the mathematical model may be a less 
accurate approach, which leads to a conservative design. -- 
The comparison between the skeletal and composite triple layer 
grids in Chapter 5 was limited to those components of the model 
which were monitored by the instrumentation. As described 
earlier (section 4.3), the instrumentation was installed in the 
highly stressed zone of the structure only. Therefore, the 
stress distribution in the middle and top layers of the 
structure were not observed, although the analyses indicated 
equally significant forces both in the top and bottom layers of 
the skeletal model. Strain gauges were not installed in the 
top layer because an aluminium sheet was to be connected 
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directly at the top layer to convert the model into the 
composite form. The top layer forces in case of the composite 
model were also predicted to be reduced considerably. 
Furthermore, strain gauges were likely to be damaged in the top 
layer due to the contact with the sheet, particularly during 
the assembling of the sheet to the model. 
The comparative study. of the skeletal and composite models was 
based on the same theoretical results which were used for the 
evaluation of experimental observations. The comparison of the 
two values (skeletal and composite models) of the same 
parameter (e. g. nodal deflections and axial forces of the same 
node and member, respectively). can be observed from figures and 
tables. In the figures, parameters of the skeletal model are 
plotted in solid lines, whereas the dotted lines have been 
employed-to show the behaviour of the composite model. 
Axial forces are plotted in figures such that tensile and 
compressive. type of forces can be. easily distinguished . from 
each other. In- the case of the skeletal model, magnitudes of 
member tensile forces are shaded across their lengths by more 
closely spaced lines compared- with compressive forces. In 
addition, the tensile and compressive forces are, -also,, plotted 
on the opposite sides of members. Further, axial forces in 
skeletal members have been drawn in accordance with their 
interconnection patterns. A tensile force is plotted on the 
side of the member which makes a counterclockwise rotation from 
its first node to the second node and vice versa.. 
The comparison of the skeletal and composite models, under the 
three types of loading in sections 6.1 to 6.3, is followed by a 
discussion on the-general behaviour of the model (section 6.4). 
Various features of the comparison between the skeletal and 
composite models, have also been shown graphically. 
I 
6.1 MODIFIED UNIFORMLY DISTRIBUTED LOADING 
A plan view of the model under this type of loading has been 
shown in Fig 5.5. Results of the analyses carried out on the 
skeletal and composite models under the modified UDL (referred 
to as load case 1 and discussed in sections 5.2 and 5.5) are 
presented here as the comparison between the two forms of the 
model. Nodal deflections and member axial forces of the 
structure have been demonstrated (Figs 6.1.1-5 & Tables 
6.1.1-2) and their salient features are discussed below. 
6.1.1 Deflections 
Deflections in the composite model are 41% less than those in 
the skeletal model (Table 6.1.1 & Fig 6.1.1). The significant 
decrease in deflections is due to the composite action of the 
aluminium sheet with the skeletal frame. It follows that 
composite space structures should be simulated as a combination 
of skeletal and continuum type of elements. However, the 
separate treatment of the skeletal frame and the top coverings 
in the analysis may be a less accurate representation of such 
structures. It is also noted that deflections at various nodes 
of any section 
(lateral) across the long span of the 
model(skeletal or composite) are almost the same to within 1%, 
as is evident from Fig 6.1.1. 
6.1.2 Axial Forces 
The difference in axial forces, of skeletal members of the 
composite model to that in the skeletal one, is not 
proportional to the difference in deflections of the two 
structures. This is due to the upward shift of the neutral 
plane, in the composite model from its position at the middle 
layer in the skeletal model, which in turn is due to affixing 
of the aluminium sheet at the top surface of the model (cf. 
section 5.5). Axial forces in longitudinal members of the 
model are significantly larger than those in its lateral 
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members. The maximum force in lateral members of the model is 
only 11% of the maximum force of the structure which is in a 
longitudinal member. Results in Table 6.1.2 show the 
comparison, of axial forces in various components of the 
structure. 
There are four points to note concerning the distribution of 
axial forces: Firstly, the top layer axial forces in the 
composite model are significantly smaller than those in the 
skeletal model. Secondly, the opposite is true for the middle 
layer member forces,, being larger in the composite model. 
Thirdly, forces in bottom layer members of the composite model 
are smaller than those in the skeletal model but the difference 
is not significant. Finally, the forces in the top and bottom 
diagonals of the two models are almost similar to each other. 
These four points are discussed in details below: 
(1)Figure 6.1.2 shows the distribution of axial forces in 
the top layer members of the, two models. The top layer 
forces in the composite model are found 76 to 80% smaller 
than those in the corresponding members of the skeletal 
model., The significant decrease in axial forces is due 
to the increase in the flexural rigidity of the composite 
model and the relatively high position of its neutral 
plane. It can also be noted that the distribution of 
axial forces is almost uniform in the top layer 
longitudinal members at any section across the long spans 
of the skeletal and composite models; the maximum 
difference in axial forces for any two members at such a 
section is only 3.8%. 
(2)Figure 6.1.3 and Table 6.1.2 show that axial forces in 
the middle layer of the skeletal model are negligible 
compared with those in the composite model. This 
distribution of axial forces can be attributed to the 
fact that the neutral plane is at the centre of the 
middle layer of the skeletal model. However, the neutral 
plane shifts upward in case of the composite model. As a 
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result, middle layer members have to resist considerable 
axial forces even though the stiffness of the composite 
structure is more than that of the skeletal one. The 
change is so significant that the maximum axial force in 
the middle layer of the composite model is found to 
increase by as much as 26% compared with the absolute 
maximum force in its top layer. 
(3)Axial forces in the bottom layer of the composite model 
are found to decrease only by 5.8 to 6.1% when compared 
to the corresponding members in the skeletal one (Table 
6.1.2 & Fig 6.1.4). This small change in axial forces is 
due to the significant bending stresses produced due to 
relatively large distance between the neutral plane and 
bottom layer, even though the flexural rigidity of the 
composite model is larger than that of the skeletal one. 
The stress distribution in longitudinal members of the 
bottom layer at any section across the long span of both 
the skeletal and composite models is almost uniform; the 
maximum difference in axial forces for any two members at 
such a section is 3.8%. 
(4)Axial forces in the top diagonals of the composite model 
shows a slight rise compared with those in the skeletal 
one, while a decrease is predicted for the bottom 
diagonals (cf. Table 6.1.2). The percentage difference 
in axial forces between the two structures in the top and 
bottom diagonals seems to be very high due to the small 
magnitude of forces. The distribution of axial forces in 
the top and bottom diagonals, in both the models, is 
found to depend on the pattern of shear forces in the 
structure. However, the small change between the top and 
bottom diagonals forces of the composite model compared 
with those in the skeletal one is due to the flexural 
effect. The flexural action can be attributed to the 
upward movement of the neutral plane in the composite 
model. Similar observations are noted from the behaviour 
of the edge bracings of the model. The distribution of 
forces in the edge bracings also depends on the shear 
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forces of the structure (Fig 6.1.5). 
6.2 CENTRAL MIDSPAN TWO POINT LOADING 
A plan view of the model under load case 2, where a load of 
900N was applied at each of the two central midspan nodes, was 
shown in Fig 5.6. Results are obtained from the analyses 
performed on both the skeletal and composite models under the 
same loading as in sections 5.3 and 5.6, respectively. The 
comparison between the behaviour of the two structures is shown 
in Figs 6.2.1 to 5 and Tables 6.2.1&2. In the following 
subsections, the nodal deflections and and member axial forces 
of the skeletal and composite models are discussed and a 
comparison of the two is presented. 
6.2.1 Deflections 
Deflections in the composite model are found= 41% less than 
those in the skeletal model (Table 6.2.1 & Fig 6.2.1). This is 
due to relatively larger flexural rigidity of the composite 
model. Although the total applied loading in this case was 
decreased by 6.6% compared with the modified UD loading case, 
the maximum deflections in both the skeletal and composite 
models are larger, by as much as 22% under the concentrated 
type of loading. Moreover, deflections at various nodes of a 
section across the long span of the skeletal and composite 
models are almost the same to within 1%. 
6.2.2 Axial Forces 
The difference in axial forces between skeletal members of the 
skeletal and composite models, is evident from results in Table 
6.2.2. Reasons for the difference are the same as outlined in 
section 6.1. Although total applied loading in the case of 
modified UD loading is more than in the two point loading case, 
yet the maximum axial force in both the skeletal and composite 
models under the two point loading is relatively large by 47%. 
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As the loading was concentrated on two midspan nodes in the 
present case, relatively large bending stresses induced in the 
structure caused higher axial forces. Axial forces in 
longitudinal members of the structure are significantly larger 
than those in lateral members. The maximum axial force in 
lateral members is only 15.4% of the maximum axial force in 
longitudinal members of the structure. Other important points 
which emerged from the distribution of axial forces in various 
components of the structure are as follows: 
(1)Axial forces in the composite model's top layer are 77 
to 80% smaller than those in the skeletal one's (Table 
6.2.2 & Fig 6.2.2). The significant reduction in axial 
forces is almost similar to the Ud loading case, as 
discussed in section 6.1.2. The stress distribution, at 
any section across the long span of the skeletal and 
composite models is almost uniform. The maximum 
difference in axial forces between any two members at the 
midspan section is 6.2%. However, the difference in 
member axial forces across the other lateral sections of 
the structure is only up to 4.75%. 
(2)Axial forces in middle layer members of the skeletal 
model are negligible compared with considerably large 
forces in the composite model ones (Fig 6.2.3). As noted 
in section 6.1.2, this distribution of axial forces in 
the two models is due to the neutral plane position. In 
the composite model, axial forces in the middle layer are 
even found 15% larger than the top layer forces. This is 
due to relatively less distance between the neutral plane 
and top layer. 
(3)The difference, in forces of the bottom layers of the 
skeletal and composite models, is not as large as that in 
the top or the middle layer (Table 6.2.2). Axial forces 
in the composite model's bottom layer are found to 
decrease by 6.7% as compared to the corresponding members 
of the skeletal model. The reasons for the insignificant 
change in axial-forces are the same as described in 
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section 6.1. The stress distribution in longitudinal 
members at any section across the long span of the 
structure (skeletal as well as composite) is almost 
uniform. The maximum difference is 6.2% between axial 
forces of any two members at such a section(cf. Fig 
6.2.4). 
(4)Results in Table 6.2.2 also highlight the comparison of 
axial forces between the skeletal and composite model's 
top as well as the bottom diagonals. The distribution of 
forces in, the top and bottom, diagonals and their small 
difference in behaviour from the skeletal to the 
composite model, is_ similar to that as discussed in 
section 6.1.2. The distribution of axial forces in the 
edge bracings of the skeletal and composite models (as 
shown in Fig 6.2.5) are found to depend similar to the 
diagonals on the pattern followed by shear forces in the 
structure. 
6.3 TWO POINT LOADING AT ONE QUARTER SPAN 
The same loading of 900N was applied at each of the, two nodes 
at one quarter of 
. 
the span of the skeletal and composite 
models, as was the case of load case 2. This is referred to as 
load case 3 (Fig 5.4). Results from analyses performed on both 
the skeletal and composite models (under the same loading in 
sections 5.4 and 5.7, respectively) are used to compare the 
behaviour of the two models. As, was the case discussed in the 
previous two sections (6.1&2), the composite model shows a 
considerable improvement in the structural behaviour over, the 
skeletal one. This is illustrated by Figs 6.3.1-5 and Tables 
6.3.1&2. Deflections and axial forces are discussed below such 
that the comparison between the skeletal and composite models 
is evident. 
6.3.1 Deflections 
Figure 6.3.1 shows the distribution pattern of deflections in 
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both the skeletal and composite models. Due to relatively 
large flexural rigidity, deflections in the composite model are 
40% smaller than those in the skeletal one(see Table 6.3.1). 
Even though the applied loading in the present case was the 
same as that of load case 2(section 6.2), deflections are 31.6% 
smaller in the models under the load case 3 as compared to 
under the load case 2. This is due to relatively small bending 
moment in this case which, in turn, is due to the position of 
the applied loading at the one quarter span of the structure. 
Further, because of the above mentioned reasons, deflections in 
the model under the present loading case are smaller than those 
under modified uniformly distributed loading. Deflections at 
the nodes of sections across the long span of the skeletal as 
well as the composite models are almost the same to within 1%. 
6.3.2 Axial Forces 
The comparison of axial forces in the skeletal. and composite 
models are summarized in Table 63.2. The stress distribution 
of the top, the middle and the bottom layers of both forms of 
the structure are plotted in Figs 6.3.2-4. Reasons for the 
change in the intensity of axial forces in the skeletal model 
to the composite one are the same which have been described in 
sections 6.1.1&2. Due to the position of loading in this case, 
the resulting forces are 25% smaller than those under the load 
case 2 (cf. section 6.2.2) where the same magnitude of loading 
was applied at the midspan of the structure. Despite the fact 
that deflections in the structure in this case are relatively 
small, axial forces are found to increase compared with those 
under the load case 1 (cf. section 6.1) by 9%. It follows 
that structures under the concentrated type of loading have to 
resist larger axial forces than those under the same magnitude 
of uniformly distributed type of loading. Axial forces in 
longitudinal members of the structure are significantly larger 
than those in lateral members. The maximum axial force in 
lateral members is 23.1% of the maximum force in the structure. 
The distribution of axial forces in various components of the 
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model is discussed as follows: 
(1)Axial forces in the composite model's top layer are 76 
to 79% smaller than those in the skeletal model's (Table 
6.3.2 & Fig 6.3.2). This change in the top layer forces 
is almost the same from the corresponding change under 
the previous two load cases(cf. sections 6.1&2). The 
stress distribution in members, at any section across the 
long span of the skeletal and composite models, is almost 
uniform; the maximum difference is 8.4% between axial 
forces of any two members at such a section with one 
another. 
(2)Axial forces in the middle layer of the composite model 
are noted to be significantly larger when 'compared with 
those in the skeletal one's (Fig 6.3.3 & Table 6.3.2). 
Even the middle layer forces are found to be 17% larger 
than those in the top layer of the composite model. 
(3)Axial forces in the bottom layer of the composite model 
are 7.5% less than those of the skeletal model (Fig 6.3.4 
& Table 6.3.2). As described above (section 6.1), the 
above change in axial forces can be. attributed to the 
combined effect of relatively higher position of the 
neutral plane and larger flexural rigidity of the 
composite' structure. Longitudinal members, at any 
section across the long span of the structure (the 
skeletal or the composite), are found to resist almost 
uniform stresses; the difference is 5% between the 
forces in any two members at most of the sections except 
at the loading section where it is 11%. This is due to 
the concentration of stresses in- members which were 
directly under the-influence of concentrated loading. 
(4)The comparison of axial forces between the skeletal and 
composite ' model's top and bottom diagonals has also been 
presented in Table 6.3.2. The behaviour of these members 
is not much different to that of the similar members in 
sections 6.1&2. Further, axial forces in the edge 
bracings of the skeletal and composite models (Fig 6.3.5) 
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are dependent similar to the diagonals on the 
distribution of shear forces in the structure. 
6.4 CONCLUDING DISCUSSION 
The comparative study in previous sections of this chapter 
shows that the structural behaviour of the composite model is 
better than the skeletal model. The composite model has 
relatively large flexural stiffness. Therefore, it has yielded 
smaller deflections and axial forces than the comparable 
skeletal one. Composite space structures, such as composite 
triple layer. bridge grids where the top deck can be easily 
constructed as an integral part of the structure, should be 
simulated as the combination of the skeletal space frame and 
finite thin shell elements. The separate treatment of skeletal 
frame and top slab may be a less accurate solution and results 
in a relatively conservative design for such a structure. 
The experimental studies which were carried out on the model of 
the skeletal and composite triple layer grids in the last 
Chapter clearly showed the above mentioned advantages of 
composite space structures. Although the aluminium sheet was 
bolted like roof claddings of a structure at top of the model, 
the composite action was obvious from the significant change in 
the structural behaviour of the model from its skeletal to the 
composite form. 
, 
Deflections in the composite model were 
measured 42 to 47% less than those in the skeletal one and 
axial forces were also found to decrease significantly. 
One important aspects of deflections in a structure is that 
deflections are inversely proportional to the flexural rigidity 
of the structure. Figure 6.4.1 shows the comparison of 
deflection curves of the skeletal and composite models for the 
three loading cases (load case 1,2 and 3) used for the study. 
As pointed out above, due to the relatively large stiffness, 
deflections in the composite model are found to be 41% smaller 
than those in the skeletal model. 
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Axial forces in both the skeletal as well as the composite 
models are significantly larger than the other types of forces. 
It is also important to note that membranal stresses are 
dominant compared with bending stresses for the sheet used. 
Longitudinal members of the model, particularly those in the 
top and bottom layers, are found to resist significantly larger 
axial forces than the other types of members of the structure. 
The maximum axial forces in the lateral and diagonal bracing 
members are only 23% and 24.5%, respectively, of the maximum 
axial force (in a longitudinal member) in case of the skeletal 
as well as the composite models. 
The'stiffness of the members above the middle layer of the 
skeletal model is equal to the rigidity of the members below 
the middle layer. Therefore, the position of the neutral plane 
is in the centre of the middle layer. As a result, axial 
forces in middle layer members are negligible in the skeletal 
model. However, with the addition of the aluminium sheet to 
the top layer of the model, the balance of the stiffness of the 
structure about the middle layer changes and the neutral plane 
moves upward from its previous position. The change in the 
neutral plane position and the increase in the overall 
stiffness of the model result in redistribution of axial forces 
in various components of the composite structure. 
Axial forces in the top layer of the composite model are found 
to be 80% less than those in the skeletal one. Figure 6.4.2 
shows the change in maximum axial forces, for the three loading 
cases, in the top layers of the skeletal and the composite 
models. The middle layer of the composite model has to resist 
considerably large axial forces. However, there are very small 
axial forces in the middle layer of the skeletal model even 
those are due to member eccentricities assumed in the analysis. 
Figure 6.4.3 shows the comparison of axial forces, under the 
three loading cases, in the middle layers of the two forms of 
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the model. The comparison of Figs 6.4.2&3 indicates that axial 
forces in the middle layer of the composite model are, 
generally, larger than those in the top layer. Furthermore, it 
is evident from the distribution of axial forces that the 
neutral plane position is relatively closer to the top layer in 
case of the composite model. 
The above findings show the significant role of the middle 
layer in the behaviour of a composite triple layer grids. The 
importance of the middle layer for the stability was emphasized 
by Bunni & Makowski[4] from their study on skeletal triple 
layer grids. 
Axial forces in the, bottom layers of the two forms of the 
structure do not show significant difference between each 
other. Figure 6.4.4 illustrates the maximum axial forces, 
under the three loading cases, in the bottom layers of the 
skeletal and composite models. The maximum decrease in axial 
forces in the. bottom layer of the composite model is 7.5% from 
the corresponding, members, of the skeletal one's (section 
6.3.2). The reason for relatively insignificant reduction in 
the bottom layer forces is the comparatively higher position of 
the neutral plane, even though the stiffness of the composite 
model was 41% more than the skeletal model. Although 
deflections are reduced accordingly in the composite model, the 
increase in the distance between the neutral plane and the 
bottom layer has almost compensated the increase in the 
flexural rigidity.., Consequently, axial forces in the bottom 
layers of the skeletal and composite models are relatively 
close to each other under 
,, similar 
loading conditions. The 
maximum difference (in magnitude) between axial forces in all 
components of the skeletal and composite models is found when 
compared for the case of two point loading at the midspan. 
The present investigations agree with. the suggestion of 
Makowski[29] that the sheeting covering the prefabricated 
skeletal units and acting as the roof cover proper can be used 
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at the same time as an integral part of the structure relieving 
the stresses in the component pyramid units. However, the 
present findings differ with Bellamy[2] who claims that the 
effects of claddings on a space structure's rigidity can be 
neglected if contribution of the covering in load carrying 
capacity of the structure is less than 20%. The relieving of 
stresses in the top layer of the composite model compared with 
the skeletal one is significant enough to consider the integral 
effects of the top sheeting in the analysis. The importance of 
this factor is emphasized by the critical nature of the top 
layer member forces under the normal loading conditions. 
The inclusion of sheeting as an integral component in the 
analysis of a composite space structure will be further 
illustrated in chapter 8, where the effects of a varying 
thickness of the slab are studied on the rigidity of a 
composite triple layer grid. Nevertheless, the suggestion of 
Deakin[12] seems reasonable to include a continuum in the 
mathematical model when the contribution of the plate elements 
towards the rigidity of the overall structure exceeds 10% of 
the total stiffness of the structure. 
The study-of structural behaviour of the triple layer skeletal 
and composite grids. leads to the following two important 
proposals for their analysis and design: 
(1)The dominance of axial forces in the top and bottom 
layers of the triple layer grids is analogous to flexural 
stresses in the top and bottom flanges of a built-up 
plate girder. Similar to the web of the plate girder 
which is assumed to carry the shear forces, forces in the 
top and bottom diagonals of the triple layer grids are 
found to depend on the shear force distribution of the 
structure. Another significant feature emerged from this 
study is the almost uniform distribution of forces at a 
section across the long span of both the skeletal and 
composite models. This is also similar to the concept of 
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uniform flexural stresses in flanges of the plate girder. 
The analogy between the behaviour of triple layer grids 
and built-up plate girders has paved the way to an 
evaluation of a new and simple analytical technique. 
This analytical approach can be used for the analysis of 
the skeletal and composite triple layer grids supported 
along the two short edges or on the four corners. This 
method along with its applications will be discussed in 
the next chapter. 
(2)A considerable saving may be achieved by reducing the 
cross-sectional areas of skeletal members in those 
components of the composite structure which have to carry 
relatively small forces such as members in the top and 
middle layers of the composite triple layer grids. 
Similarly, the top and bottom diagonals, edge bracings 
and lateral members in the bottom layer of the structure 
may be treated in the same way. Preliminary analyses of 
the composite model were carried out by providing the 
above mentioned members with one half the cross-sectional 
areas of the bottom layer longitudinal members. The 
results from these analyses showed that although the 
deflections in the composite model with variable 
cross-sectional members had increased by 14% compared 
with the constant cross-sectional members throughout the 
structure, axial forces were well within the capacity of 
the members. 
Axial forces in the bottom layer of the composite model 
with variable size of members were not significantly 
different from the model which had constant 
cross-sectional members throughout. This could be 
attributed to the position of the neutral plane, which 
was relatively higher in the model with the identical 
size of the members. Furthermore, axial forces in 
components of the model, which had reduced 
cross-sectional members, were even smaller than that case 
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a 
when the model had constant cross-sectional members 
throughout. The above mentioned procedure may also be 
adopted for the economical design of the skeletal model. 
However, full cross-sectional areas for the bottom and 
top layer longitudinal members have to be provided. 
ýN 
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SERIAL NO 
DEFLECTION Cmm) IN THE RAGE DIFFERENCE REMARKS 
SKELETAL 110DEL Cl) COMPOS1TE rODEL(2) C1.0-C2)'C1)WOG 
1 5.9121 3.5159 40.53 MIDDLE LAYER 
2 6.3245 3.7203 41.18 do 
do 
3 6.6000 3.9247 40.53 
4 6.8058 4.0064 41.13 do 
5 6.8745 4.0882 40.53 do 
6 6.1183 3.5976 41.20 BOTTOM LAYER 
7, 6.4620 3.8020 41.16 do 
8 6.6683 3.9656 40.53 do 
TABLE 6.1.2 
COMPARISON OF AXIAL FORCES UNDER LOAD CASE 1 
SERIAL NO 
AXIAL FORCES (N) IN THE %AGE DIFFERENCE REMARKS 
SKELETAL MODEL (1) COMPOSITE FODEL(2) (1.0-(2)'(1))*100 
1 -965.2651 -193.2726 79.98 TOP LAYER 
2 -1028.9570 -231.7075 77.48 
do 
3 -1073.9810 -255.8666 76.18 
do 
4 -1066.2939 -239.3945 77.55 
do 
5 -99.8326 -154.8377 -56.67 TOP DIAGONALS 
6 16.4721 54.9070 -233.33 do 
7 72.4772 344.8160 -375.76 MIDDLE LAYER 
8 16.4721 198.7633 -1106.67 
do 
9 79.0661 68.0947 13.89 BOTTOM DIAGONAL 
10 21.9628 48.3182 -120.00 do 
11 923.5356 869.7269 5.83 BOTTOM LAYER 
12 981.7372 924.6339 5.82 do 
13 1027.8589 966.3632 5.98 do 
14 1049.8218 986.1298 6.07 do 
15 1098.1399 1052.0181 4.20 do 
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TABLE 6.2.1 
COMPARISON OF DEFLECTIONS UNDER LOAD CASE 2 
SERIAL NO 
DEFLECTION (mm) IN THE RAGE DIFFERENCE REMARKS 
SKELETAL MODEL (1) COMPOSITE IODEL(2) . 0-(2)/(l )WOO 
1 7.0873 4.1768 41.09 MIDDLE LAYER 
2 7.5935 4.4718 41.11 do 
3 8.0154 4.7294 41.00 do 
4 8.3529 4.9307 40.97 
do 
5 8.4373 5.0313 40.37 do 
S 7.3105 4.3259 41.05 BOTTOM LAYER 
7 7.7G23 4.6288 10.37 do 
8 8.0998 4.8300 10.37 do 
9 8.3529 4.9810 40.37 do 
TABLE 6.2.2 
COMPARISON OF AXIAL FORCES UNDER LOAD CASE 2 
SERIAL NO 
AXIAL FORCES (N) IN THE ; CAGE DIFFERENCE REMARKS 
SKELETAL MODEL (1) COMPOSITE I10DEL(2) X1"0'(2), (1)) 100 
1 -1146.9995 -251.6623 78.06 TOP LAYER 
2 -1267.9910 -250.0491 80.28 
do 
do 
3 -1438.9922 -325.8704 77.35 
I -1600.3142 -375.8803 76.51 
do 
5 -91.9535 -143.5766 -56.14 TOP DIAGONALS 
6 203.2657 316.1911 -55.56 
do 
7 103.2461 443.6355 -329.69 MIDDLE LAYER 
8 39.7173 329.0969 -750.00 
do 
9 72.5949 61.3024 15.56 BOTTOM DIAGONAL 
10 -200.0393 -143.5766 28.23 
do 
11 1038.9136 982.4510 5.43 BOTTOM LAYER 
12 1164.7449 1101.8291 5.40 do 
13 1290.5759 1213.1414 6.00 do 
14 1459.9641 1361.5576 6.74 do 
15 1608.3804 1500.2947 6.72 do 
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TABLE 6.3.1 
COMPARISON OF DEFLECTIONS UNDER LOAD CASE 3 
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SERIAL NO 
DEFLECTION (mm) IN THE <AGE DIFFERENCE REMARKS 
SKELETAL MODEL (1) COMPOSITE IODEL(2) (1.0'C2)ýC1))9100 
1 5.4841 3.2659 40.45 MIDDLE LAYER 
do 
2 5.6572 3.3702 10.43 
do 
3 5.7727 3.4397 40.41 
4 5.7150 3.1049 10.12 
do 
5 5.6572 3.3702 40.43 do 
6 5.5418 3.3354 39.81 80770M LAYER 
7 5.7150 3.1049 40.12 
do 
8 5.7150 3.1019 10.42 
do 
9 5.6572 3.3702 10.13 
do 
TABLE 6.3.2 
COMPARISON OF AXIAL FORCES UNDER LOAD CASE 3 
SERIAL NO 
AXIAL FORCES CN) IN THE RAGE DIFFERENCE REMARKS 
SKELETAL MODEL (1) COMPOSITE 1100EL(2 ) C1 "0'C2 
)iC ))"100 
1 -975.8135 -234.2919 75.99 
TOP LAYER 
2 -1198.0283 -287.4302 76.01 
do 
3 -1090.5439 -227.0457 78.18 do 
4 -992.7212 -214.9688 78.35 do 
5 -140.0920 -217.3842 -55.17 
TOP DIAGONALS 
6 193.2304 297.0917 -53.75 
do 
7 GG. 1230 315.3993 -120.00 MIDDLE LAYER 
8 30.1923 243.9534 -708.00 
do 
9 184.7766 161.8305 12.42 BOTTOM DIAGONAL 
10 -185.9813 -132.8459 28.57 
do 
11 973.3981 937.1674 3.72 BOTTOM LAYER 
12 1207.6899 1117.1133 7.50 do 
13 1121.9441 1080,8826 3.66 
do 
14 1065.1826 =, 999.9673 
6.12 do 
do 
15 925.0905 871.9521 . 74 5 
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CHAPTER 7 
DEVELOP14ENT & USE OF A NEW ANALYTICAL 
METHOD - GIRDER ANALOGY 
7.0 INTRODUCTION 
There are a number of methods available for the approximate 
analysis of space structures. However, these methods are not 
readily applicable for the composite triple layer bridge grids. 
The comparison of the skeletal and composite triple layer grids 
was carried out theoretically (Chapter 6) using the general 
analysis program based on the standard stiffness method 
(chapter 3). However, the analysis of the model with this 
program required a considerable computer time and memory. The 
stress distributions both in the skeletal and the composite 
models were found analogous to that in a built-up plate girder 
which led to an evaluation of a new analytical method. This 
method is referred to as the 'girder analogy' due to the 
similarities in the behaviour of triple layer grids and plate 
girders. This chapter deals with the development and the use 
of girder. analogy. A comparison of results, of the 
mathematical model with different span/width and span/depth 
ratios, obtained from girder analogy and standard stiffness 
method shows a close agreement with each other. The efficacy 
of girder analogy is further demonstrated in Chapter 8 by 
analysing a practical sized triple layer grid with varying 
thicknesses of the top concrete slab. 
Although the software was developed to use half-banded solution 
technique for the equations, yet it demanded a considerable 
computer time and memory for the analysis of the models 
(Chapters 
.5& 
6). A finer mesh of the top plate than the panel 
size of the model could not be handled for this reason. This 
led to a simpler technique of analysis to deal with an actual 
structure which may be even of a relatively large size. The 
analysis of such structures by standard stiffness method may 
require a prohibitively large computer memory and time. 
However, girder analogy method can be used to analyse triple 
layer bridge grids for their preliminary design with or without 
the minimum effort of the computer. 
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The analytical methods have been used quite successfully for 
space structures other than composite triple layer grids. 
Generally, in these methods the structure is replaced by an 
equivalent medium, e. g. a grid, plate or shell. If the 
relationship between analogous and the actual structure is 
obtained, then it is possible from such indirect methods to 
determine the stress distribution in the real structure 
approximately and speedily (Makowski[34]). One of the more 
commonly used methods is known'as slab analogy, which is an 
efficient"method of analysis for structures supported all along 
the boundaries. Further, it converges rapidly for the 
uniformly distributed type of loading. 
Timoshenko & Woinowski-Krieger[49] gave a solution for an 
isotropic plate supported along two edges or on the four 
corners but under the influence of uniformly distributed type 
of loading. Establishing relationships for equivalent flexural 
rigidities of triple layer grids by neglecting their 
anisotropic behaviour, the above plate analogy solution will be 
used in the next chapter. However, it will also be shown that 
the results obtained from girder analogy method are in better 
agreement with those of the standard stiffness method than the 
slab analogy results. 
Further, the slab analogy method of analysis does not converge 
quickly for a concentrated type of loading. The results 
obtained from the slab analogy for the concentrated type of 
loading are not very reliable even if one takes several terms 
of the series into account, Makowski[31]. Further, the 
influence of the shear forces on the results obtained from the 
slab analogy even for the uniformly distributed loading is 
quite considerable (chapter 2). 
The objective of the present work is to study the structural 
behaviour of the composite triple layer bridge grids. The 
loadings involved in these structures may be concentrated type 
268 
in addition to the distributed loading. Further, due to the 
specific use of these structures, the supports are provided 
along the two edges or on the four corners. It is evident from 
the above discussion that the available analytical solutions 
are not sufficient for such structures and the demand of large 
computer memory will restrict the use of the stiffness method 
only to the final analysis. Consequently, a new approach was 
needed to analyse such structures which can be used easily even 
without the help of a computer. The girder analogy is 
developed such that it can analyse such structures easily 
without the help of a computer. Moreover, using minimum 
possible computer effort the efficiency of this method can be 
increased by many times. 
The results of the models with different span/width and 
span/depth ratios obtained from girder analogy and standard 
stiffness method are found to compare well with each other. 
The two types of results agree better with each other for 
relatively large span/width and span/depth ratios. 
The hypothesis of the girder analogy, and the associated 
relationships for the effective rigidities of the skeletal and 
the composite triple layer grids are developed (section 7.1). 
A criterion is suggested for the determination of an efficient 
slab thickness for a composite double or triple layer grid in 
accordance with the girder analogy. This is followed by the 
implementation of the method for both uniformly distributed and 
midspan concentrated types of'loading (section 7.2). In order 
to show the effectiveness of the girder analogy, the skeletal 
as well as the composite triple layer grids with different 
span/width ratios and a fixed span/depth ratio are analysed 
with the girder analogy and the standard stiffness methods and 
a comparison of the two types of results is made (section 7.3). 
The comparison of the two types of results is also carried out 
for the composite triple layer grids with different span/depth 
ratios and a fixed span/width ratio (section 7.4)" The 
influence of the span/width and span/depth ratios on the 
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structural behaviour of the triple layer grids is also 
discussed. 
7.1 DEVELOP14ENT OF GIRDER ANALOGY METHOD 
A detailed study of the stress distributions carried out on the 
model of the triple layer grids in Chapters 5 and 6 showed the 
stress pattern analogous to a built-up plate girder. Similar 
to the consideration of total flexural stresses taken by the 
top and bottom flanges at a section of the plate girder, the 
major forces are found to be predominant in longitudinal 
members of the top and bottom layers of the model. Lateral 
members of the model carry negligible forces compared with its 
longitudinal members in the-top and bottom layers. The stress 
distribution of the top and bottom diagonals, and edge bracings 
of the model could be related to the shear stresses in the web 
of the plate girder (section 6.4). 
The above analogy between the structural behaviour of the plate 
girder and the triple layer grid led to the development of 
girder analogy method of analysis. The girder analogy is 
formulated particularly for the preliminary analysis and design 
of the rectangular skeletal and composite triple layer grids 
supported along the two short edges or on the four corners. 
The stress distribution and deflections in the double or multi 
layer grids can be obtained using this method provided that the 
effective flexural rigidities can be determined. The girder 
analogy is based on the following assumptions: 
(a) A double or multi layer rectangular grid can be converted 
into an equivalent built-up plate girder. in line with the 
simple two-dimensional bending theory. 
(b) The structure should be flat and supported all, along the 
two short edges or on the four corners. 
(c) The loading can be applied normal to the top or bottom 
layers of the structure producing bending in the vertical 
plane of the grid only. The loading can be uniformly 
distributed, or concentrated point, or a combination of 
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the two. 
(d) The stress distribution at a section across the longer 
span of the rectangular structure can be considered as 
the constant. A difference of up to 10% between the 
forces of the members at such a section will be 
considered negligible. 
(e) Girder analogy can be applicable to the grids which have 
span to width ratios not less than 2. 
(f) The joints of the skeletal members in a grid will be 
considered as concentric. However, the flat slab or 
continuum elements may be connected eccentrically. 
Furthermore, the following assumptions of girder analogy are 
made with particular reference of triple layer grids: 
(g) The longitudinal members in the top and bottom layers 
can resist all the flexural stresses at a section of the 
skeletal triple layer grids and only these will be 
considered to contribute to the effective rigidities of 
structures. 
(h) All the flexural stresses ata section of the composite 
triple layer grids can be resisted by the top layer: 
longitudinal and continuum members, and longitudinal 
members of the middle and bottom layers. Thus, only 
these members will be included in the determination of 
the effective rigidities of the structure. 
(i) Top and bottom diagonals of the grid along with its edge 
bracings will carry shear forces like the web of a plate 
girder; while lateral members will be providing the 
stability to longitudinal members and enabling them to 
behave as one unit like the flanges of the girder. None 
of these members will be considered to contribute towards 
the rigidities of the skeletal or the composite triple 
layer grids. 
Based on the above assumptions, the relationships for effective 
rigidities of the skeletal and the composite triple layer grids 
are established below. 
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7.1.1 Skeletal Triple Layer Grids 
A section of a skeletal triple layer grid is shown in Fig 7.1.1 
as an equivalent built-up plate girder in accordance with the 
assumptions (a-i) made above. Now, suppose that the top and 
bottom layers longitudinal members are of the same 
cross-sectional area 'A '. The interconnection patterns of the 
s 
top and bottom layers are generally the same and the middle 
layer is set at the middle height of the grid. Further, if the 
number-of effective longitudinal members in each of the top and 
bottom layers of the grid is considered to be as 'n', then the 
effective sectional properties can be expressed as 
A=2nA 
es 
(7.1) 
I= 2nIc+ 1/2 nAs h2 (7.2) 
x 
where 
A, = the total effective area of the grid e 
I= the total effective moment of inertia of the 
x 
grid about major axis 
h= centre to centre of the top and bottom layers 
I=c centroidal moment of inertia of a longitudinal 
member 
The triple layer grid is simulated to behave like the simple 
two dimensional girder bending about its major axis. 
Therefore, both the deflections as well as axial forces can be 
determined from first principles. Gere & Timoshenko[15] have 
expressed the deflection at a section 'X' of a beam as 
2 
dv 
EI (7.3) 
sx2 
-Mx 
dx 
where E- Young's modulus of elasticity of the material- 
s 
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dtv 
--- a curvature of the beam 2 
dX 
v= deflection (vertical displacement) at a section 
of the equivalent girder 
Mx= bending moment at a section X of the the 
equivalent girder for which the relationships 
will be established in section 7.2. 
The bending stress 'fb' at a section 'X' of the equivalent 
girder, at a distance Y from the neutral axis, can be expressed 
as 
My 
ib =- --- (7.4) 
Now, if there are constant bending stresses at a section across 
the long span of the grid, then axial forces in each of the 
longitudinal members of the top and bottom layers can be 
determined as the product of bending stress at the centre of 
the member and its cross-sectional area. 
Pa -f bAs 
(7.5) 
-My 
x 
P=a+ -A s 
(7.6) 
I 
x 
where 
Pa= axial force in the longitudinal member; the top 
and bottom layer forces have negative and positive 
sign for a sagging bending moment, respectively. 
A° the cross-sectional area of a single longitudinal 
s 
member. 
It has been shown earlier (section 6.1.2) that forces in the 
top and bottom diagonals, and edge bracings depend upon shear 
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forces in the structure. Therefore, forces in these members 
can be determined using the basic static equilibrium equations. 
7.1.2 Composite Triple Layer Grids 
In this section, the girder analogy concept of effective 
rigidities is introduced and the relationships for the 
determination of effective rigidities are established for a 
general composite triple layer grid. It is further shown that 
these relationships can be used for the computation of 
effective rigidities of any double or triple layer grid 
configuration. The effective rigidities of the skeletal and 
the composite models are also related with one another. A 
criterion for the evaluation of an efficient continuum 
thickness of a composite triple layer grid is introduced. 
Finally, relationships for the determination of axial forces in 
the different components of composite triple layer grids are 
also expressed. 
7.1.2.1 Effective_Rigidities for a General Composite 
Triple Layer Grid 
Using the girder analogy assumptions (section 7.1, a-i), 
consider a general composite triple layer grid, having 
different interconnection patterns in the three layers, as a 
two dimensional built-up girder. For this purpose, the number 
of effective longitudinal members in the top, middle and bottom 
layers are considered to be as 'nt', 'nm' and 'nb' and the 
respective areas of these members in the three layers are 
denoted as 'A It 'A ' and 'A '. Consequently, the 
st sm sb 
centroidal moments of inertia are taken to be as 'Ict'' 'Icm, 
and 'I ' for skeletal members in the respective three layers 
ob 
of the structure. The thickness and width of the top plate are 
supposed to be as 't ' and 'W ', respectively. It is assumed 
for the practical reasons that the middle layer is set at the 
middle height of the triple layer layer grid. The continuum is 
considered to be as the integral part of the composite triple 
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layer grid. The skeletal and the continuum components of the 
structure may also be of different material, therefore, the 
determination of the effective axial and flexural rigidities 
will not be as straightforward as was the, case for the skeletal 
triple layer grid. 
The position of the neutral axis should be known before the 
relationships for effective rigidities of the structure can be 
established. This position may not be at the centre of the 
middle layer due to the different rigidities of the top and 
bottom layers of the composite triple layer grids. The axial 
rigidity and flexural rigidity per unit length of the grid will 
be referred to as effective axial (EA) and flexural (EI ) 
x 
rigidities, respectively. 
It must be noted here that the concept of effective rigidities 
of an equivalent girder in girder analogy is different from 
that of the unit stiffnesses of an equivalent plate in slab 
analogy. In the latter case, the unit rigidities involve the 
members of an isolated section per unit width or length of the 
equivalent plate. However, for the girder analogy (as 
described above), all the effective components of a section 
across the length of the equivalent girder will be taken to 
contribute to effective rigidities. 
From the bending theory, it is known that the position of 
neutral axis in a beam can be determined by taking sum of the 
first moment of axial rigidities of all the effective 
components of the girder, that isEEAY, about a reference line 
AA (Fig 7.1.2) and then dividing it by the sum of all the 
effective axial rigidities, that is EEA. The line AA is 
considered to pass through the centroids of the bottom layer 
longitudinal members of the structure. It follows that the 
position of neutral axis of the structure is at a distance 'Y b' 
from the reference line AA which can be expressed as 
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EE AY 
Ya 
b ýEA 
(7.7) 
Both the numerator and denominator of the above equation can be 
determined with the help of Fig 7.1.2 and can be expressed as 
EEAE(nA 
s tst 
+ nm 
sm 
+ nbAsb) +EPAp (7-8) 
AY=E (nA h+nA h/2) +E Ah (7.9)" 
st st m sm pp 
where 
h= centre to centre distance between the top and 
bottom layers of the grid 
E= Young's modulus of elasticity for the skeletal 
s 
members 
E= Young's modulus of elasticity for the plate 
p 
elements 
A= cross-sectional area of the plate =tpW 
pp 
By substituting the equations 7.8 and 7.9 into equation 7.7, 
the position of the neutral axis with respect to the centre of 
bottom layer can be expressed as 
h[E(ntAst + 1/2nmAsm) +EA] 
Yb= 
s pp (7.10) 
Es(ntAst + nm Asm + nbAsb) +Ep Ap 
The position of the neutral axis can then be related to the 
other components of the structure by simple expressions as 
Y=h-Y 
tb 
Ytp Yt+ tp/2 (7.11) 
Ym = Yb- h/2 
where 
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Yt ,Y tp 
&Y 
m- 
the respective distances of the neutral axis 
from the centre of top layer, top of the plate 
and the centre of middle layer (Fig 7.1.2). 
It is assumed that the continuum together with all the top, the 
middle and the bottom layers longitudinal members of the 
structure will contribute to the effective flexural rigidity of 
the composite triple layer grid. For the members which are not 
parallel to the long span of the structure, their projected 
sectional properties in the longitudinal direction will be 
considered effective towards the rigidity. However, the top 
and bottom'diagonals along with edge bracings, and lateral 
members in the three layers of the structure will not be taken 
to resist any flexural stresses. The effective flexural 
rigidity of an equivalent girder can therefore be expressed as 
EI = EI + EAY2 
xc 
(7.12) 
From Fig 7.1.2, the relationships for the component parts of 
equation 7.12 can be expressed as 
EI =. E (nI +nI +nI ) +EI 
cst ct m cm b cb p cp 
" 
(7.13) 
2= 
E2222 EAY 
s(ntAstYt 
+ nm 
sm m+ 
nbAsbyb )+ EpApYt 
where I= the centroidal moment of inertia of the plate. cp 
Substituting the values of equation 7.13 into equation 7.12, 
and simplifying, the effective flexural rigidity of a general 
composite triple layer grid can be expressed as 
EI =E[n(I +A Y2)+n(I +A Y2) 
xst ct st tm cm sm m 
n (I b+A 
Y2+ E (I +AY2) (7.14) be sb bp cp pt 
Now, if the centres of the slab and top layer skeletal elements 
do not coincide with each other, then the relationships of 
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equations 7.10,7.11 and 7.14 can be further expressed as 
Es(ntAs-+ 1/2nß 
sm 
)h + EpAp(h+e) 
Yb = (7.15 ) 
Es(ntAst+ nm sm nbAsb 
+ EpAp 
Ytp =Y+ tp/2 +e7.16) 
2+n2+ 
EIx Es[nt(Ict+ AstYt ) 
m(I 
+A 
sm m 
nb (I 
cb+ 
A 
sbYb 
2)] 
+Ep [I 
cp 
+Ap (Y t +e) 
2] (7.17) 
where 
e= the eccentric distance between the centre of 
the plate elements to the centre of longitudinal 
members in the top layer. 
7.1.2.2 Effective Rigidities for a Composite Triple Layer 
Grid with the same Top & Bottom Layer Configuration 
Generally, a composite' triple layer grid has the same 
interconnection pattern in the top and' bottom layers. - The 
configuration of the middle layer may be different, however, 
identical size of members are taken throughout the structure. 
This leads to 
nt= nba ný 
A 
st 
=A 
sm 
=A 
sb= 
As, 
and 
ct 
Icm 
cb 
Icy 
Now, using equations 
obtained for a comps 
mentioned properties. 
bottom layer 'Yb' and 
can be expressed as 
7.10&7.14, the relationships can be 
Dsite triple layer grid with the above 
The position of neutral axis w. r. t. the 
the effective flexural rigidities 'EI x 
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Y= 
b 
h[EA (n+1/2n) +EA 
s3 El PP (7.18) 
EA (2n+n) +EA 
ssmpP 
EI 
xEs 
(2n +nm )I 
e+EpI cp 
+EsAs [n(y 
t2+ 
Y (7.19) 
2)+ny2]+EAY2 
bmmppt 
where 
na the number of effective longitudinal members 
in the top or bottom layers 
A the cross-sectional area of a single longitudinal 
s 
member 
I the centroidal moment of inertia of a member 
c 
7.1.2.3 Relationship between the Skeletal & Composite 
Triple Layer grids 
The position of neutral axis and effective rigidities of 'a 
general skeletal triple -layer grid can be determined by 
eliminating the effects of continuum from the equations for a 
general composite triple layer grid. It follows that 
substituting A0 into equations 7.10 & 7.14, general 
relationships for the position of neutral axis and the' 
effective flexural rigidity of a skeletal triple layer grid can 
be expressed as 
h(ntAst+. 1 /2nmA -)I11, 
Yb (7.20) 
ntAst+ nm 
sm+ 
nbAsb 
EIx = Es[nt(Ict+AstYt 
2)+ 
nm(Icm+ 
Asm 
m2) 
+ nb(Icb+ AsbYb2)ý (7.21) 
The above equations can be further simplified for a skeletal 
2? 9' 
triple layer grid which has the same interconnection pattern in 
the top and bottom layers. Further, if all the members are of 
the identical size, the relationships similar to the section 
7.1.1 can be obtained for the skeletal triple layer grids. 
Furthermore, the expressions for the position of neutral axis 
and the effective flexural rigidity of a composite double layer 
grid can be derived by eliminating the components concerning 
the middle layer from equations 7.10 & 7.14, respectively. 
However, the double layer grid should fulfil the other 
assumptions of girder analogy as laid down in section 7.1. 
7.1.2.4 Efficient Continuum Thickness for Composite 
Space Structures 
It has been shown in Chapter 6 (section 6.4) that axial forces 
in top layer skeletal members of composite triple layer grids 
are relatively small when compared with those in skeletal 
grids. It would be desirable in a normal structure to 
eliminate the top layer skeletal members and to let a continuum 
to take the top layer stresses. Castillo[7] and Al-Bazzaz[1], 
therefore, replaced the top layer prismatic steel members with 
the concrete slab in the respective composite double layer 
grids studied by them. Nevertheless, even if the skeletal 
members in the top layer are to be provided along with the slab 
due to the practical reasons (such as is the case of the 
composite triple layer bridge grids), the thickness of the slab 
can be selected such that the no part of the concrete slab 
comes under tension. Concrete has the relatively small tensile 
strength which is, generally, considered negligible in design. 
Therefore, the concrete area below the neutral plane is not 
only useless but also unnecessary dead weight for the 
structure. It follows that the position of neutral plane of 
the'structure below the top plate or slab is relatively more 
desirable. 
If the neutral axis were to lie along the bottom fibers of the 
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top concrete slab in a composite di 
then an efficient design of such 
That is to say that the position 
reference to the centre of the, 
expressed as 
bah - 
tp/2 
Ruble or triple layer grid, 
a structure can be obtained. 
of the neutral axis with 
bottom layer 'Y 
b' can 
be 
and this will be considered as the minimum requirement for 
obtaining an efficient use of the concrete slab. Such a 
thickness of the slab is referred to as the 'efficient 
continuum thickness (tpe) for the composite space structures'. 
According to the linear elastic theory, the neutral axis lies 
at a plane, of the structure where the bending stresses are 
zero. It is also known that the intensities of internal 
stresses above and below the neutral axis of a beim produce the 
two couples. For the beam to be in the static equilibrium 
condition, these couples should be'equal and opposite to one 
another. The compressive and tensile couples at a general 
composite triple layer grid section (Fig 7.1.2) can be denoted 
as C and T, respectively. Now, consider that the neutral axis 
lies along the bottom fibers of the continuum together with the 
girder analogy assumptions (sections 7.1&7.1.2.1), C and T can 
be expressed as 
C= 1 /2EsntA$tt +1 /2E Wt 
p PPP 
2 
(7.22) 
T= Es[nm 
sm 
(h -tp )/2 + nbAsb(h -tp /2)] 
where all the parameters used are already defined in 
section 7.1.2.1. 
From static equilibrium conditions, it can be shown'that'C=T. 
Hence, the efficient thickness for a general composite triple 
layer grid can be expressed in the form of ,a quadratic` equation 
as 
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z 
W 
ptp 
+ Ea(ntAst+ ný 
am+ 
nbAsb)tp - Ep 
Ea (nm 
sm+ 
2nbAsb)h -0 (7.23) 
Considering the case of the identical number of members in the 
top and bottom layers and the same cross-sectional area 
throughout the structure. That is, substituting 
nt= nb=n 
and 
A=A=A 42 A 
st sm sb s 
in equation 7.23 and simplifying, the efficient continuum 
thickness 't 
pe 
' for such a 'structure can be expressed as 
-A E (2n+n )+A E )2(2n+n )2 + 4E WA h(2n+n )Es 
ssms s- mppsm 
t= (7.24) 
pe 
2E W 
pp 
where t= efficient thickness of the plate 
e 
Ap = the cross-sectional area of the skeletal members 
s 
n= no of effective longitudinal members in the top 
or bottom layers 
n= no of effective longitudinal members in the 
m 
middle layer 
W= the width of the continuum 
hp = the centre to centre distance between the top 
and bottom layers 
E= Young's modulus of elasticity of the skeletal s 
members 
E= Young's modulus of elasticity of the continuum 
p 
The above relationships for the efficient thickness of 
continuum can be used for those rectangular double or triple 
layer grids which fulfil the conditions (a-i) laid down above. 
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7.1.2.5 Axial Forces in Composite Triple Layer Grids 
Once the position of the neutral axis (Eqns 7.10 or 7.18) and 
effective flexural rigidity (Eqns 7.14 or 7.19) at a section of 
the composite triple layer grid are determined, then the 
deflections and axial forces can be evaluated, -relatively 
easily. Equation 7.3 can be used to determine deflections 
employing the same procedure as explained in section 7.1.1, 
that is by using EI instead of EI. The bending stress 'f 
T pos 
at a section 'X' in the longitudinal direction of. the 
equivalent girder for a general composite triple layer grid can 
be worked out by expressing equation 7.4 as 
MEy 
x pos pos 
f=- (7.25) 
pos 
EI 
x 
where 
s .. E= modulus of elasticity of the corresponding pos 
component 
Y 
Pos 
- distance from the neutral axisaof the 
corresponding component: Y 
t' 
Y 
m' 
Yb and Yt 
for the top, middle and bottom layers, andP 
top of the plate. 
Now, if the area of a single longitudinal member in a component 
of the grid is 'A ', 
pos 
then the axial force in that member-can- 
be expressed as the product of the bending stress,, 'f -' and " pos 
the corresponding area. This leads to the respective. equations 
for axial forces in the top (Pt), middle (P and bottom (Pb) 
layer longitudinal members as follows: 
MEY 
xst 
PA (7.26) 
st EI 
x 
MEY 
xs Al 
P=-mA 
sm 
(7.27) 
EI 
Y 
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MEY 
xsb 
Pb = -A Asb (7.28) 
EI 
x 
The above girder analogy equations, can be used, for the 
determination of axial forces in longitudinal members of the 
grid. It must be pointed out that forces in the diagonally 
oriented members in the three layers of the grid can also be 
evaluated using the above relationships. However, these 
relationships have to be transformed according to the member 
orientations. 
Moreover, forces in the top and bottom diagonals and other 
vertical members of the grid at a point can be evaluated by 
considering the vertical equilibrium of forces at the 
corresponding point. An approximate idea of axial forces in 
the grid's lateral members may be obtained from the bending 
moment about short span using the above equations. Axial 
forces, however, in the members other than longitudinal members 
of rectangular grids are found to be relatively insignificant 
(section 6.4). 
7.2 IMPLEMENTATION OF THE GIRDER ANALOGY 
The relationships derived for the determination of equivalent 
sectional properties of the grid as a built-up girder, earlier 
in section 7.1 were used to determine the deflections and axial 
forces both in the skeletal as well as the composite triple 
layer grids. In this section, the girder analogy relationships 
are derived for the computation of bending moments and 
deflections in the skeletal and the composite triple layer 
grids under the influence of the two types of loading: 
uniformly distributed and midspan two points concentrated 
loading. Girder analogy has also been used for the analysis of 
the structure under the influence of combination of the two 
types of loading. It will be shown below that the girder 
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analogy procedure is simple, therefore, relationships can be 
established for other types of loading easily. 
7.2.1 Uniformly Distributed Loading 
The deflection relationship can be derived from the basic 
differential equation(7.3) of the deflection curve for a beam. 
Axial forces can be determined from equations 7.6 and 7.26 to 
7.28, for both the skeletal and composite triple grids, 
respectively. The appropriate effective sectional properties 
to be used in these equations for the two types of structures 
are given in sections 7.1.1 & 7.1.2. 
Figure 7.2 shows a plan view of the triple layer grid and an 
elevation of its equivalent built-up girder according to the 
girder analogy assumptions (section 7.1). Furthermore, if the 
following assumptions (cf. Fig 7.2) are made: 
(i)the effective span of the equivalent girder is 'L', 
(ii)there are equal overhangs 'X1' on both sides of the 
supports, and 
(iii)a uniformly distributed loading of''Q' per unit length 
is applied throughout the length of the equivalent 
girder; 'Q' is obtained as product of the intensity of 
loading and the width of the grid, 
then the bending moment at a section 'X' can be expressed as 
Mx Q(L+2x1 )X/2 - 1/2Q(X+X1)2 (7.29)' 
Substituting equation 7.29 into equation 7.3 and integrating 
with respect to X leads to 
dv QQ X3 
EI-= -[-(L + 2X )X2--(- + X2X + X82)] + 01 
dR 42 3- 
(7-30) 
where dv/dX is the slope of the, girder w. r. t. X. Applying the 
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known boundary condition 
dv/dX =0 at X ffi L/2, 
the constant of integration Cl can be determined from equation 
7.30. Now, back substituting the value of C1 in equation 7.30 
leads to 
dv x1 X3 
EI° -Q[(L + 2x1)- - --(-- + X12X + x1X2 
dX 423 
+Q L(L2-6X12)/24 (? "31 
) 
Integrating again w. r. t. X, equation 7.31, can be written as 
X3 1 X4 X12X2 X1X3 
Elva -Q 
[ (L}2x )-- - -(- ++)] 
12 2 12 23 
+QL X(L2- 6X12)/24 + C2 (7.32) 
The deflection 'v' is zero at support points, that is 
v=0 at X=0. 
Applying the above boundary condition, and simplifying, the 
deflection for the equivalent girder can be expressed as 
QX 
v= ------ 
[L4- 2L2x2+ LX3+, 6LXI(X-Xý)] (7.33) 
24EI L 
where 
v= constant vertical deflection across a section 
I Ix (Eqns 7.2) for the skeletal model 
EI- EIX (Eqns 7.14 or 7.17) for the composite model 
Equation 7.33 can be used to determine the deflection at a 
section of the triple layer grid. The deflections can be found 
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in both the skeletal as well as the composite triple layer 
grids by employing the, appropriate effective sectional 
properties derived in section 7.1. For UD loading, the maximum 
deflection 'v ' and bending moment 'M ' will be at the 
max max 
centre of span as follows: 
Q 5L4 
vmax 3LX1(L - 2X1)] (7.34) 
48EI 8 
Mmax = Q(L2- 4X 
2)/8 (7.35) 
Substituting equation 7.35 into equation 7.6, the maximum axial 
force 'P 
max' 
in the skeletal triple layer grid's top and bottom 
layers longitudinal members, respectively, will be equal to 
- Q(L2- 4Xý2)h As 
P °+ max 
(?, 36) 
161 
X' 
The maximum axial forces in. the corresponding skeletal 
longitudinal members of the, top, middle and bottom layers of 
the composite model can be determined by 
, substituting -equation 
7.35 into equations 7.26 to 7.28. It follows, that the maximum 
axial force in the top layer can be expressed as 
Q(L2- 4X 
2)E 
y 
1st 
(pt)max= 
- Ast (7.3,7), 
8EI 
x 
the maximum axial force in the middle layer can be expressed as 
Q(L2- 4X 
2 
1 
Ym 
(P 
m 
)max= A 
sm 
(7.38), 
8EI 
x 
and the maximum axial force in the bottom layer can be 
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expressed as 
ýPb)max= 
Q(L2- 4X12)Es y 
Asb (7.39) 
8EI 
x 
Similarly, the maximum principal stress at the top surface of 
the plate of the composite model can, also, be expressed by 
substituting equation 7.35 into equation 7.25 as 
@(L2- 4X 
2)E 
y 
(f )max=- 
1P tP 
(7.40) 
p 
BEI 
x 
7.2.2 Concentrated Point Loading 
Figure 7.2 shows that a triple layer grid has been transformed 
into an equivalent built-up girder. A load of P/2 is assumed 
to be acting on each of the two midspan central nodes of the 
grid. This two-point loading is simulated as a single point 
load 'P' at midspan of the equivalent built-up girder. 
Consequently, using the same procedure as is the case for the 
UDL, the following relationship can be derived to determine the 
deflection at a section 'X' of the equivalent girder: 
PX 
v°- (3L2- 4X2) (7.41) 
48EI 
The maximum bending moment 'M 
max 
' will be at the midspan of the 
grid and hence, the maximum deflection 'v ' will be at the max 
same section. The relationship for both the parameters are 
expressed as follows: 
M 
max 
= PL/4 (7.42) 
PL3 
-'--- (7-43) max 48EI 
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Substituting the value of the maximum bending moment in 
equation 7.6, the maximum axial force 'P ' in the skeletal 
max 
triple layer grid's top and bottom layer longitudinal members 
can be evaluated as 
- PLhA 
a Pa 
max 
+_.. (7-44) 
8I 
x 
Similarly, the respective maximum axial forces in the skeletal 
members of the top, middle and bottom layers of the composite 
triple layer grid can be determined by substituting equation 
7.42 into equations 7.26 to 7.28 as follows: 
PLEeyt 
(Pt )max =-- Ast (7.45) 
4EI 
x 
PLE y 
(Pm)max =Sm Asm (7.46) 
4EI 
x 
PLEayb 
(Pb)max = ---- Asb (7.47) 
4EI 
x 
Further, the maximum principal stress at top surface of the 
plate of the composite triple layer grid can be evaluated from 
equation 7.25. 
PLE y 
pP (fb )max=- -- (7.48) 
P 4EI 
x 
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7.3 USE OF GIRDER ANALOGY WITH VARIOUS SPAN/WIDTH RATIOS 
In order to show the effectiveness of girder analogy method, 
results obtained from this method are compared with those of 
standard stiffness method. The validity and reliability of 
stiffness method is well known and the associated program 
developed has shown agreed results with the experimental 
observations in Chapter 5. The results obtained from the 
girder analogy will also be compared with those of the other 
well known methods for the solution of composite space 
structures in the next chapter. 
For a constant span to depth ratio of 20 but with a variable 
span/width ratio of the triple layer grids, the analyses were 
performed by both the stiffness as well as girder analogy 
methods. The comparison of deflections and axial forces etc is 
carried out for both the skeletal and composite triple layer 
grids. The ratio of effective spans from centre to centre of 
supports in two directions as shown in Fig 7.2 is referred to 
as span/width ratio (L /L ). Further, the depth of the grid is 
taken as the centre 
ytox 
centre distance between the top and 
bottom layers and denoted as 'h' in Figs 7.1.1 & 7.1.2. The 
analyses were conducted on the same configuration of the triple 
layer grid, i. e. Squares on Diagonals, which was previously 
used as the model throughout this work for theoretical and 
experimental studies. The width of the model in all the cases 
studied was kept the constant as of 5 square panels, where each 
side of. the panel was 17cm. The sizes of the members and their 
materials were also taken as the same as those of the 
experimental model (cf. section 4.1). 
Although it is obvious from the girder analogy relationships 
(section 7.1 and 7.2) that the forces and deflections in an 
equivalent grid can be determined manually with ease at any 
given number of sections of a structure, a simple computer 
program was developed to enhance the efficiency of the method. 
This computer program, only, requires nodal coordinates of the 
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points for the evaluation of the axial forces and deflections 
etc. 
The comparison of the results is shown in the form of Tables 
and curves. Tables of results has been designated according to 
the configuration, span/width ratio and type of loading of the 
mathematical model. All triple layer grids studied are 
referred to as the Model SDXYZ in Table 7.3.1. 
Where 
SD = the configuration of the model, i. e. Squares 
on Diagonals 
X= either 'S' for the skeletal or 'C' for the 
composite model 
Y -= span/width ratio L /L 
x 
Z= type of loading '1' for UDL and '2' for 
midspan concentrated loading 
However, the curves shown in Figs 7.3.1.1a to 7.3.3b are 
referred to as the Model SDXZ. In these figures, the results 
obtained from the stiffness method and girder analogy are 
represented as solid and dotted lines, respectively. These 
curves show the effects of span/width ratios on the deflections 
and axial forces etc. in the models, therefore, the letter 
representing span/width ratio will be missing in the- figures. 
All the mathematical models were assumed to be supported on 
four corners of their middle layers for the stiffness method of 
analysis. The span/width ratios was varied from 1 to 6 for the 
comparison. The models with span/width ratios of 1 and 6were, 
also, analysed by the stiffness method providing supports all 
along the short span boundaries of the middle layers. On the 
other hand, all the above models were treated as the equivalent 
built-up girders for girder analogy method of analysis and they 
were presumed to be supported_ on two points, with-equal 
overhangs from both the supports, as shown in Fig 7.2. 
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Table 7.3.1 
L /L 
x 
No of skeletal Model's Plate Remarks 
Y 
nodes elements designation elements 
1 92 356 
SDS11 - skeletal & UDL 
SDS12 - skeletal & Con 
SDC11 25 composite &UDL 
SDC12 25 composite & Con 
2 154 596 
SDS21 - skeletal & UDL 
SDS22 - skeletal & Con 
SDC21 45 composite & UDL 
SDC22 45 composite & Con 
3 216 836 
SDS31 - skeletal & UDL 
SDS32 - skeletal & Con 
SDC31 65 composite & UDL 
SDC32 65 composite & Con 
4 278 1076 
SDS41 - skeletal & UDL 
SDS42 - skeletal & Con 
SDC41 85 composite & UDL 
SDC42 85 composite & Con 
5 340 1316 
SDS51 - skeletal & UDL 
SDS52 - skeletal & Con 
SDC51 105 composite & UDL 
SDC52 105 composite & Con 
6 402 1556 
SDS61 - skeletal & UDL 
SDS62 - skeletal &, Con 
SDC61 125 composite & UDL 
SDC62 125 composite & Con 
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The skeletal and 'composite models, with the span/width ratios 
of 1 to 6, were analysed, for the two types of loading: 
uniformly distributed loading intensity of 1kN/m2 and midspan 
concentrated point loading of I. M. However, the concentrated 
load of 1.8kN was divided equally at two central midspan nodes 
of the models for the stiffness method of analysis. 
Consequently, 30 sets of results were obtained from each of the 
two methods of analysis employed. These results were then 
plotted to compare the two types of deflections and forces etc. 
To present the bulk of the results would have been a problem, 
therefore, the selective results are reported here for the 
span/width ratios of 2,4 and 6. 
The curves for all the span/width ratios are shown in Figs 
7.3.1.1a to 7.3.3b for an overall comparison of three types of 
results for both the skeletal and the composite models under 
the UD as well as the concentrated types of loading:. First, 
the results achieved from the stiffness method of analysis when 
the models were supported on four corners of their middle 
layers. The curves in this case are referred to as 'exact 
method-1' in the above mentioned figures. Second, the results 
obtained from girder analogy which are referred to as 'G. A. 
method'. And, third when the models were supported all along 
the short span boundaries of the middle layer for stiffness 
method of analysis, the curves are referred to as obtained from 
the 'exact. method-2'. These curves are plotted for the maximum 
values of different-parameters in all the models. 
7.3.1 Deflections 
The deflections obtained from the stiffness'and girder analogy 
methods of analysis for both the skeletal and composite models 
with different span/width ratios, generally, show a good 
agreement with each other. This agreement increases with the 
increase of span/width ratio of the model. -Further, the 
results of skeletal models from the two methods have a 
relatively close resemblance with each other. The comparison 
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of the deflections in the skeletal and composite models is 
discussed separately in the following subsections. 
7.3.1.1 Skeletal Models 
Figures 7.3.1.1a &b represent the overall comparison of the 
maximum deflections in the skeletal models (span/width ratio of 
1 to 6) obtained from girder analogy and stiffness methods for 
both the UD and midspan concentrated loadings, respectively. 
Further, Tables 7.3.1. la-f indicate the comparison in the form 
of percentage differences of deflections at various points of 
the models with span/width ratios of 2,4, and 6. 
The following points emerge from the comparison of deflections 
obtained from the two methods: 
(1)With an increase in span/width ratios of the model, the 
deflections obtained from the two methods show a better 
agreement with each other (Tables 7.3.1.1a-f). For 
instance, in the model with a span/width ratio of 2, the 
two types of results differ by as much as 21% with each 
other as against only 1.6% for the model with a 
span/width ratio of 6. However, the results of the two 
methods show a discrepancy of 73% with each other for the 
square model. 
(2)Deflection patterns obtained from the stiffness method 
of analysis show that the girder analogy assumption of 
uniform behaviour at a section across the long span is 
found true to be within 2% for the models with span/width 
ratios of larger than 2. However, the difference between 
the deflections of any two points at such a section of 
the square model is determined to be 45% with one 
another. Therefore, the above assumption of the girder 
analogy does not seem to be fulfilled for the square 
structures as contemplated earlier. However, the model 
with a span/width ratio of 2 is found to have a 
discrepancy, between the deflections from the two 
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methods, of 10% which can be considered as reasonable. 
It follows that the assumption of uniform behaviour is 
only valid when the structure is dominated by one-way 
bending, i. e. when the span/width ratio is greater than 
or equal to 2. 
(3)Deflections in the model obtained from the stiffness 
method with supports along the two short edges has not 
shown any considerable difference in behaviour for the 
larger of the two span/width ratios (1&6) studied. 
However, the supports along the short edges are found to 
have a considerable influence on the behaviour of the 
square model; the agreement between the deflections 
obtained from the two methods has come closer, to each 
other to within 21% as compared to the 73% difference in 
the case of the four corner supports. 
(4)The deflections obtained from the two methods are 
relatively closer to each other for the UD loading than 
those for the concentrated point loading. For instance, 
the maximum difference-in deflections obtained from the 
two methods in a model (span/width ratio=4) under the UD 
loading is found to be 3.73% as against 5.82% for the 
same model under the concentrated loading. 
(5)The deflections obtained from the two methods have, 
generally, a better and a more consistent agreement with 
each-other along the span of-the model for the uniformly 
distributed loading when compared with those under the 
concentrated type of loading . 
(cf. Tables -7.3.1.1a-f). 
This can be attributed to the concentration of shear 
forces near the point loading. Nevertheless, the 
variation in the percentage difference is not more than 2 
between the deflections from the two methods at the 
points near and away from the point loading with the 
exception of models with span/width ratio<2" 
(6)As known, deflections are found to increase with the 
increase in span/width ratio of the structure. 1 
The rate 
of increase in deflections is more in case of the. Ud 
loading compared with the concentrated type of loading. 
Z95 
7.3.1.2 Composite Models 
Figures 7.3.1.2a &b show the overall comparison of the maximum 
deflections obtained from the stiffness method and girder 
analogy method. In a manner similar to the skeletal models, 
the comparative study is performed under both the UD and 
midspan concentrated types of, loading for the composite models 
with span/width ratios of 1 to 6. The comparison of 
deflections is also presented in Tables 7.3.1.2a to e for the 
models with span/width ratios of 2,4 and 6. 
The study of the above mentioned figures and tables of 
composite models shows the similar points as discussed in case 
of skeletal models. Deflections obtained from, girder analogy. 
and stiffness method in composite models under both the UD and 
concentrated types of loading, generally, show a good agreement 
with each other. This agreement is particularly good in the 
models with relatively large span/width ratios. It must-be 
pointed out that the increase in the effective flexural 
rigidity of a composite model from that of the corresponding 
skeletal model is simulated by the girder analogy method as 
good as that by the stiffness method. This is obvious from the 
similar decrease in deflections obtained from the two methods 
in the composite models from those of the skeletal models. 
However, the difference between deflections from the two 
methods is slightly greater in composite models than that in 
skeletal models. This can be attributed to the complex 
behaviour of the shell elements used in the standard stiffness 
method. 
7.3.2 Axial Forces 
A comparison of axial forces obtained from girder analogy and 
stiffness method for the top and bottom layers longitudinal 
members of the skeletal and composite models shows a close 
resemblance between the two types of results. The difference 
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between axial forces obtained from the two methods decreases 
with the increase in span/width ratios of a structure. 
Further, the results of the two methods for the uniformly 
distributed loading show a better agreement with each other 
compared with those for the concentrated type of loading. The 
salient features of this comparison for the skeletal and the 
composite models are discussed in the following subsections. 
For this purpose, the curves are presented in separate figures 
for axial forces in the top and bottom layers longitudinal 
members. For convenience, letter 'T' and 'B' before the 
model's designation, as described earlier, are added for the 
representation of the top and bottom layers, respectively. 
7.3.2.1 Skeletal Models 
Figures 7.3.2.1a to d show the overall comparison of the 
maximum axial forces, achieved from the two methods, for the 
skeletal models with span/width ratios of 1 to 6. The curves 
in Figs 7.3.2.1a &c illustrate the maximum axial forces in the 
top and bottom layers of the models under the uniformly 
distributed loading, respectively. The other two figures 
present a comparison for the concentrated type of loading. 
Moreover, Tables 7.3.2.1a-f illustrate axial forces obtained 
from the two methods at various positions of the models, with 
span/width ratios of 2,4 and 6, under both the UD and 
concentrated types of loading. 
The forces, other than in the longitudinal members of the top 
and bottom layers of the models are relatively negligible and 
hence, has not been included in the comparison. A brief 
discussion on axial forces in the other components of the model 
is, however, carried out to evaluate the validity of the 
hypotheses made for the girder analogy. The following 
important points emerged from the comparison of the two types 
of results: 
(1)The axial forces obtained from the two methods are 
297 
generally in good agreement with each other. This 
agreement increases with the increase in span/width 
ratios of the model (Figs 7.3.2.1a to d). Further, the 
resemblance between the two types of results is 
relatively closer in case of the uniformly distributed 
loading. The maximum difference, between axial forces 
obtained from the two methods, is found to be 14% for the 
square model 'under the concentrated type of loading due 
to its two-way behaviour. 
(2)The stress distributions, obtained from the stiffness 
method of analysis, show that the assumption of girder 
analogy, of uniform stress behaviour at a section across 
the long span of the model, holds better for relatively 
large span/width ratios. Further, this assumption is 
found to be relatively more true for the sections of the 
model where shear forces are not dominant. For instance, 
for the model with span/width ratio of 6, the maximum 
difference in axial forces between the longitudinal 
members at its midspan section is found to be 5% for the 
midspan concentrated type of loading compared with 2% 
under uniformly distributed type of loading. The 
difference in member axial forces at midspan section of 
the model with a span/width ratio of 2 is increased to 
15% for the concentrated type of loading. However, the 
supports all along the short edges of the structure are 
found to improve the uniform stress behaviour at a 
section of the structure. 
(3)The stress distributions obtained from the stiffness 
method of analysis reveal that the girder analogy 
assumption of negligible forces in lateral members tends 
to be valid relatively more for the models with 
relatively larger span/width ratios. This assumption is 
also proved to be more relevant for the case of uniformly 
distributed loading than the point loading. The maximum 
force in lateral members near the concentrated point 
loading is found to be 15% of the maximum axial force in 
the model with larger span/width ratios(4 to 6). 
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However, axial forces in lateral members near the 
concentrated point loading increase to 39% of the maximum 
axial force in the model with a span/width ratio of 2. 
This can be attributed to the relatively high 
concentration of shear forces in the smaller models. 
Nevertheless, the axial forces in the lateral members are 
found to decrease in the zones of the models which are 
away from the maximum shear effects. 
(4)The stress distributions obtained from stiffness method 
are also found to agree with the consideration taken into 
account, for the determination of forces in the top and 
bottom diagonals and edge bracings, in girder-analogy. 
For the models with larger span/width ratios, i. e. 4 to 
6, the forces in these members can be determined by the 
use of the vertical equilibrium equation. However, the 
squarer models tend to behave in the complex manner due 
to shear effects of support conditions. -The shear 
effects of support conditions are found to be minimal on 
the axial forces in the members of the model away from 
the supports. 
(5)Axial forces obtained from the two methods, generally, 
have a better and a more consistent agreement with each 
other along the span of a model under the UD loading when 
compared with those for the concentrated type of loading 
(cf. Tables 7.3.2. la-f). The variation in the 
percentage differences between the axial forces is not 
more than 2 at the points near and away from the 
concentrated point loading, with the exception of models 
with a span/width ratio, <2. The above variation in the 
results can be attributed to the concentration of shear 
forces near the concentrated point loading and support 
nodes of the structure. 
(6)Axial forces are found to increase gradually with the 
increase of span/width ratio of a structure, under the 
uniformly distributed loading (Fig 7.3.2.1a&c). However, 
axial forces do not show any considerable difference with 
the increase of span/width ratios of a model under 
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concentrated type of loading (Fig 7.3.2.1b & d). 
Obviously, the reason for this distribution of forces is 
increasing magnitude of loading in the UD loading with 
the increase of span/width ratios compared with the 
constant loading in case of the point loading together 
with increased rigidity of the structure. This is due to 
constant span/depth ratio of the structure. 
7.3.2.2 Composite Models 
Figures 7.3.2.2a to d show the overall comparison of the 
maximum axial forces obtained from stiffness and girder analogy 
methods in composite models with. span/width ratios of 1 to 6. 
Axial forces in longitudinal members of the top and bottom 
layers of models are shown in separate figures. Moreover, the 
correlation between results of the two methods can also be 
noted from Tables 7.3.2.2a-f. These tables are formulated for 
axial forces in members located at different positions of the 
models with span/width ratios of 2,4, and 6. 
The study of the above mentioned figures and- tables show the 
similar points as already discussed in case of the skeletal 
models. Axial forces obtained from the stiffness and the 
girder analogy methods have a good agreement with each other. 
This agreement is relatively better for the models with larger 
span/width ratios of the model. Further, the models under the 
uniformly distributed loading have closer agreement between the 
two types of results and show better uniform stress behaviour 
at sections across the long span of the structures compared 
with those under the concentrated type of loading. 
Nevertheless, the following distinguished points from skeletal 
models emerged from the study of axial forces in the composite 
models: 
(1)Axial forces from the two methods in all the top and 
bottom layers members in composite structures are found 
to be decreasing compared with those in skeletal, models. 
This decrease in forces is due to relatively large 
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flexural rigidity of the composite models. 
(2)Axial forces obtained from the two methods in the top 
layer longitudinal members of the composite models are 
found to decrease considerably by as much as 80% compared 
with those in the skeletal model's similar members. This 
difference in, forces, is due to, the relatively large 
stiffness of the composite model together with higher 
position of its neutral axis than that of the skeletal 
- model. 
(3)Upward movement of the neutral axis in the composite 
model also results in producing considerably large axial 
forces in the middle layer. Each of the composite models 
is found to carry even higher axial forces in the middle 
layer members than those in- the top layer, due to 
relatively larger distance of the middle layer from the 
neutral axis. 
(4)The top and bottom diagonals are not found to have the 
equal axial forces like the skeletal models. The 
stiffness method of analysis shows that the-top diagonals 
have slightly larger axial forces than bottom diagonals, 
as against the girder analogy assumption of equal axial 
forces in the top and bottom diagonals. 
(5)Axial forces, in the bottom layer longitudinal members 
of the composite models, are not found to decrease by the 
same ratio with which deflections have. It is again due 
to the relatively large distance between the bottom layer 
and the neutral axis in the composite model. 
Nevertheless, axial forces in the top, middle, and, bottom 
layers of the composite models obtained from the stiffness and 
girder analogy methods have a close resemblance with each 
other. 
7.3.3 Principal Stresses 
Stresses in plate elements of composite triple layer grids can 
be determined from equation 7.25 of girder analogy. The 
longitudinal stresses obtained from girder analogy are compared 
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with the maximum principal stresses determined from stiffness 
method of analysis. Figures 7.3.3a&b show a comparison of the 
maximum values of principal stresses for the composite models 
with span/width ratios of 1 to 6 under the Ud and concentrated 
types of loading, respectively. In these figures, the letter 
'P' before SDXZ represents the plate elements. Further, Tables 
7.3.3a-f also present the comparative stress distributions of 
the models with span/width ratios of 2,4 and 6. The following 
distinct points emerged from this study: 
(1)Generally, the stresses obtained from the two methods 
are found to agree with each other. The results from the 
both types of loading show a closer resemblance with each 
other with the increase of span/width ratios of the 
models. Further, the results from the two methods agree 
relatively more for the uniformly distributed loading. 
(3)The principal'stresses obtained from the two methods 
are found to increase gradually with the increase of 
span/width ratio of the model under the uniformly 
distributed loading (Fig 7.3.3a). However, the maximum 
principal stresses have not a significant difference with 
the increase of span/width ratios of the model under the 
concentrated type of loading (Fig 7.3.3b) except in case 
of the square model. The maximum difference for the 
concentrated loading in the maximum principal stresses is 
only 4%. 
In conclusion, it can be noted that the results (deflections, 
axial forces and principal stresses) obtained from the 
stiffness method and girder analogy have shown a close 
agreement with each other. This close agreement confirms that 
the assumptions made in girder analogy method of analysis are 
quite reasonable. It follows that girder analogy can be safely 
and conveniently used for the preliminary 'analysis of the 
skeletal and composite triple layer grids with span/width 
ratios of greater than or equal to 2. However, these grids 
must be supported on the four corners or along the two short 
edges. Further, the results of the models* with relatively 
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short span/width ratios obtained from the girder analogy can be 
improved by providing supports along the two short edges. 
7.4 USE OF GIRDER ANALOGY WITH VARIOUS SPAN/DEPTH RATIOS 
It is known that the depth has an important influence on the 
behaviour of a structure. For this reason, a study on the same 
composite model (Fig 7.2), used in the previous section, was 
carried out with variable span/depth. ratio using both the 
girder analogy and the stiffness methods. The span/depth 
ratios of the composite model considered were 10,16,20,25, 
30,40 and 60. However, the span/width ratio of all the models 
studied were kept the same as 4. The definitions of the span, 
width and depth are the same as laid down in the previous 
section. Skeletal triple layer grids are not considered onward 
in this chapter and only the composite triple layer grids are 
emphasized. This is due to the objective of the present work 
which is concerned with the composite triple layer grids. 
A combination of the uniformly distributed and concentrated 
types of loading was considered to be applied on all the 
models. The magnitudes of both types of loading are kept the 
same as was in section 7.3. It follows that the relationships 
of girder analogy developed in sections 7.2.1 & 7.2.2 for the 
determination of deflections and bending moments were combined 
for this type of loading. Similar to the previous section, 
position of the neutral axis and values of the effective 
flexural rigidities of the composite model are obtained from 
the section 7.1.2. Each model was assumed to be supported on 
the four corners of the middle layer for the purpose of 
stiffness method of analysis. On the other hand, all the 
models were treated as equivalent built-up girders for girder 
analogy method of analysis and they were presumed to be 
supported on two points with equal overhangs from both the 
supports, as shown in Fig 7.2. 
The objective of the study in this section is not only to 
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illustrate the use of girder analogy but also to investigate 
the significance of span/depth ratio of a composite structure 
on its behaviour. A comparison of results obtained from the 
two methods is presented in the form of figures and tables. 
Data in the tables also include the positions of the nodes or 
members as a ratio 'R': 'R' is determined as the ratio of the 
centroidal distance of a node or a member 'X' and the span of 
the model as shown in Fig 7.2. In the figures, results 
obtained from the stiffness and girder analogy methods are 
represented with solid and 'dotted lines', respectively. The 
figures show the resulting curves of the maximum values of the 
two types of results for different span/depth ratios. However, 
results at various positions for each span/depth ratio of the 
model are presented in the tables. 
The results obtained from the two methods show a close 
agreement when compared with each other for all the span/depth 
ratios. This agreement, generally, gets better with the 
increase of- span/depth ratio of the model. In the following 
subsections, a comparison of nodal deflections, member axial 
forces and principal stresses are' discussed for the various 
span/depth ratios of the composite model. 
7.4.1 Deflections 
Deflections obtained from girder analogy and stiffness method, 
generally, show a close agreement with each other. This 
agreement is found to get better with the increase of 
span/depth ratio of the model. One possible reason, for the 
increased agreement between deflections of the two methods with 
the increase in span/depth ratios, is relatively higher density 
of the structure. As a structure becomes shallower, its 
density increases provided the other sectional details remain 
the same. As known, with the decrease in the depth of the 
model, deflections are found to increase rapidly. 
Figure 7.4.1 shows a comparison of the maximum deflections 
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obtained from the two methods for each span/depth ratio of the 
composite model. Tables 7.4. la-g illustrate a detailed 
comparison of deflections obtained from the two methods at 
different points of the model for each span/depth ratio. The 
important points which emerged from these tables and figure are 
as follows: 
(1)With the increase in span/depth ratio of the model, the 
deflections obtained from the two methods show a better 
agreement with each other. For instance, in the model 
with a span/depth ratio of 10, the difference between the 
two types of results is as much as 17% as against only 3% 
for a model with span/depth ratio of 60 (cf. Table 
7.4.1a g). One possible reason for the increased 
resemblance of deflections from the two methods is 
relatively more compactness of a shallow structure. 
(2)Deflections in the model from the two methods are found 
to increase rapidly with the increase of span/depth 
ratio. The maximum deflection in the model with a 
span/depth ratio of 10 is only 1.85mm as against 41.3mm 
in the model with span/depth ratio of 60 under the same 
loading. A model with span/depth ratio of 30 not only 
deflects reasonably, i. e. a deflection of 10.67mm, but 
also shows a good agreement between the two types of 
results. 
(3)Deflection patterns obtained from the stiffness method 
confirm the girder analogy assumption of uniform 
behaviour at a section across the long span of 
structures. The maximum difference between deflections 
at such a section is 2% for the model with a span/depth 
ratio of 10. This assumption holds better for the larger 
span/depth ratios of the model and the difference 
decreases to 1% for the model with a span/depth ratio of 
25. 
(4)Deflections obtained from the two methods agree better 
with each other at the one quarter span distance from the 
supports compared with those at the midspan of the model 
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(cf. Tables 7.4. la-g). The percentage difference 
between deflections obtained from the two methods at the 
two positions decreases with the increase in span/depth 
ratio. The slightly higher difference at the midspan can 
be attributed to the concentration of shear forces near 
the application of concentrated type of loading. 
Nevertheless, the variation in the percentage differences 
is not larger than 2 between the deflections at the 
points near and away from the concentrated point loading. 
7.4.2 Axial Forces 
Axial forces obtained from girder analogy and stiffness method 
are, generally, found to have a close agreement with each 
other. This agreement varies with the span/depth ratio of the 
model. Axial forces are found to increase rapidly with the 
increase of span/depth ratios of the model due to decrease in 
the flexural rigidity. Further, axial forces are found to be 
dominant in longitudinal members of structures. 
A comparison of axial forces in the top, middle and bottom 
layer members together with those in the top and bottom 
diagonals obtained from the two methods is made. Girder 
analogy relationships for the bending moments in a structure 
are expressed in sections 7.2.1 & 7.2.2 for the UD and 
concentrated types of loading, respectively. The relationships 
for the two types of loading are coupled together for the 
combined loading to be applied. These relationships are then 
used to determine axial forces in the different components, ' 
with the exception of the top and bottom diagonals, of the 
composite models. For this purpose, the appropriate 
relationships for the flexural rigidities in section 7.1.2 are 
employed. Following the reasoning of equilibrium as suggested 
by Makowski[34] for the determination of diagonal bracing 
forces in double layer grids, axial forces in the 'top and' 
bottom diagonals of triple layer grids are found. 
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Figures 7.4.2a to c show curves for maximum axial forces 
obtained from the two methods for different span/depth ratios 
of the model. Further, Tables 7.4.2a-g illustrate detailed 
comparison of axial forces (from the two methods) in various 
components located at different positions of the model for each 
span/depth ratio studied. The data in tables also show the 
position of the member with respect to Fig 7.2. The important 
points emerged from the study of axial forces are as follows: 
(1 )The maximum axial forces in the top layer (at midspan) 
obtained from the two methods show a closer agreement in 
the models with relatively smaller span/depth ratios, 
that is <20 (cf. Fig 7.4.2a). However, the consistency 
between the two types of forces at points other than the 
concentrated loading position, generally, increases; with 
the increase in span/depth ratios of the model. The 
range of discrepancies between the two types of forces is 
-1.8 to 7%, with the exception of midspan section where 
the difference is found to be as much as 16%. (The minus 
sign indicates that axial forces obtained from the girder 
analogy method are relatively larger. ) 
(2)The agreement between the middle layer forces obtained 
from the two methods is even better than the top layer 
forces (cf. Tables 7.4.2a-g a Fig 7.4.2b). The middle 
layer forces are found to be larger than those in the top 
layer due to relatively large distance of the neutral 
axis from the middle layer., 
(3)The agreement between the maximum axial forces in the 
bottom layer (at midspan) obtained from the two methods 
increases with the increase in span/depth ratio of the 
model of, up to 40. However, this agreement is found to 
decrease slightly for the span/depth ratio of 60 (cf. 
Fig 7.4.2c). The two types of forces at the points other 
than at the midspan of the model are, generally, compared 
very well with each other. Further, the agreement 
between these forces is found to be getting better with 
the increase of span/depth ratio of the model (cf. Table 
7.4.2a-g). The range of discrepancies varies between -2 
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to 12%. As a result of at the largest distance from the 
neutral axis, axial forces in the bottom layer is 
significantly larger than any other component of the 
model. 
(4)Stress distributions in the three layers of the model 
obtained from the stiffness method of analysis confirm 
the girder analogy assumption of uniform stress 
distribution at a section across the long span better for 
the relatively smaller span/depth ratios. For instance, 
the maximum difference in forces of any two members at 
such a section of the model with a span/depth ratio of 10 
is only 3.5%, while it increases to 12% when the 
span/depth ratio is taken as 60. 
(5)The agreement between axial forces in the top and 
bottom diagonals obtained from the two methods gets 
better with the increase in span/depth ratio of the model 
(cf. Table 7.4.2a-f). The girder analogy does not 
include bending effects involved in the top and bottom 
diagonals due to the position of the neutral axis of the 
structure; as a result, the difference between the 
forces obtained from the two methods for the deeper 
models is considerable. 
(6)Axial forces in the longitudinal members are found to 
be dominant in all the models studied. The maximum force 
in the lateral members is only 15.4% of the maximum force 
in longitudinal members of the model with a span/depth 
ratio of 60. However, the maximum force in the diagonal 
bracing members is determined to be 21% of the maximum 
force in the model for a span/depth ratio of 10. In 
other words, the percentage of the maximum force in 
lateral members of the maximum force in each model 
increases with the increase of span/depth ratio, while 
the opposite is true for the top and bottom diagonals 
forces. Nevertheless, the forces in all the components 
of the model are found to be increasing with the 
increasing span/depth ratios due to the decreasing 
rigidities. 
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7.4.3 Principal Stresses 
Principal stresses in the top sheeting obtained from the 
stiffness and girder analogy methods of analysis are, 
generally, found to have a good agreement with each other. 
This agreement for the maximum principal stresses (at midspan) 
is noted to be getting better as the span/depth ratio of the 
model increases up to 30 (cf. Fig 7.4.3). For span/depth 
ratios larger than 30, the two types of maximum principal 
stresses are not in as good agreement as those of the deeper 
models. Further, the consistency between principal stresses, 
at the other points of the model, obtained from the two methods 
is slightly less than those at the midspan (cf. Table 
7.4.3a-g). However, this consistency does not show any pattern 
with the change in span/depth ratios of the model. Principal 
stresses are found to be increasing with the increasing 
span/depth ratios of the model due to the decreasing flexural 
rigidity. 
It follows from the above points that the girder analogy, 
generally, holds better with the increasing span/depth ratio of 
the model. However, the assumption of uniform stress behaviour 
at sections across the long span of a model is more valid for 
the relatively small span/depth ratio. It is also noted that 
the dominance of flexural behaviour increases with the increase 
in span/depth ratios. However, the opposite is true for the 
concentration of shear forces in the structure. 
In conclusion, it can be stated that the use of girder analogy 
leads to an excellent solution of a triple layer grid when the 
span/depth ratio is not more than 35 provided the span/width 
ratio is larger than or equal to 2. The agreement between 
stresses obtained from girder analogy and stiffness method 
increases in most of the components with the increase in 
span/depth ratio of the structures. However, when the 
structure becomestoo shallow, i. e. span/depth ratio>40, the 
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one-way plate like behaviour appears to be more dominant 
compared with analogous to a girder one. 
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TABLE 7.3.1.1a 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SOS21 
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SERIAL NO 
DEFLECTION (mm) FROM kAGE DIFFERENCE REMARKS 
STIFFNESS FETHOD(I) G. A. METHOD C2) C1.0-C2)i(1))*100 
1 0.1960 0.3717 25.06 MIDDLE LAYER 
2 0.7912 0.6821 13.79 
3 1.0123 0.8864 12.11 
It 1.0752 0.9575 10.95 
5 0.9012 0.7996 11.27 BOTTOM LAYER 
6 1.0138 0.9396 9.98 
TABLE 7.3.1.1b 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SOS22 
SERIAL`NO 
DEFLECTION (mm) FRON : CASE DIFFERENCE REMARKS 
STIFFNESS METHOD(1) S. A. METHOD (2) (1 . 0-C 2), (1))W, 00 
1 1.0759 0.8757 18.61 MIDDLE LAYER 
2 1.9088 1.6397 14.10 
3 2.6579 2.1800 17.98 
4 2.9815 2.3850 20.01 
5 2.2847 1.9448 14.88 BOTTOM LAYER 
6 2.8227 2.3311 17.41 
TABLE 7.3.1.1c 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SDS41 
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SERIAL NO 
DEFLECTION (mm) FROM %AGE DIFFERENCE REMARKS 
STIFFNESS tETHOD(1) S. A. METHOD (2) C1 . 0-C 2)/( 1) )M 100 
1 2.8472 2.7358 3.91 MIDDLE LAYER 
2 3.3311 3.2069 3.73 
3 3.6816 3.5518 3.52 
4 3.9065 3.7680 3.55 
5 3.9801 3.8398 3.53 
6 3.5075 3.3971 3.15 BOTTOM LAYER 
7 3.7953 3.6787 3.07 
8 3.9413 3.8218 3.03 
TABLE 7.3.1.1d 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SDS12 
SERIAL NO 
DEFLECTION (mm) FROM %AGE DIFFERENCE REMARKS 
STIFFNESS METHOD(1) G. A. METHOD (2) (1 . 8-(2)/(1))w100 
1 3.4120 3.2892 3.63 MIDDLE LAYER 
2 4.0564 3.9001 3.85 
3 4.5635 1.3718 4.20 
I 4.9305 4.6755 5.17 
5 5.0787 4.7829 5.82 
6 4.3102 4.1552 3.60 BOTTOM LAYER 
7 4.7472 4.5464 4.23 
8 5.0057 4.7555 5.00 
TABLE 7.3.1.1e 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SOSG1 
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SERIAL NO 
DEFLECTION (mm) FROM %AGE DIFFERENCE REMARKS 
STIFFNESS rETHOD(1) G. A. METHOD (2) (1.0'(2)'(1» 100 
1 7.0142 6.8919 1.70 MIDDLE LAYER 
2 7.6358 7.5121 1.62 
3 8.1336 8.0021 1.62 
It 8.4932 8.3568 1.61 
5 8.7091 8.5717 1.58 
6 8.7829 8.6137 1.58 
7 8.3112 8.1967 1.38 BOTTOM LAYER 
8 8.5989 8.4820 1.36 
9 8.7137 8.6256 1.35 
TABLE 7.3.1.1E 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SDS62 
SERIAL NO 
DEFLECTION Cmm) FROM RAGE DIFFERENCE REMARKS 
STIFFNESS tETHODC1) G. A. METHOD (2) C1.0-C2), C1))$100 
1 5.6543 5.5683 1.52 MIDDLE LAYER 
2 6.2152 6.1116 1.62 
3 6.6782 6.5611 1.75 
4 7.0315 6.8955 1.93 
5 7.2758 7.1053 2.34 
6 7.3714 7.1780 2.66 
7 6.8550 6.7131 1.63 BOTTOM LAYER 
8 7.1537 7.0167 1.92 
9 7.3097 7.1595 2.05 
TABLE 7.3.1.2a 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SOC21 
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SERIAL NO 
DEFLECTION (mm) FROM <AGE DIFFERENCE REMARKS 
STIFFNESS rETHOD(1) G. A. METHOD (2) (1.0-(2)i(1))ý100 
1 0.2763 0.1930 30.15 MIDDLE LAYER 
2 0.4139 0.3511 20.23 
3 0.5679 0.4601 18.98 
4 0.6016 0.4971 17.37 
5 0.4941 0.4151 15.99 BOTTOM LAYER 
6 0.5725 0.4878 14.79 
TABLE 7.3.1.2b 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SOC22 
SERIAL NO 
DEFLECTION (mm) FROM %AGE DIFFERENCE REMARKS 
STIFFNESS METHOD(l) S. A. METHOD (2) (1.0-<2)/C1))*100 
1 0.5721 0. t51t6 20.58 MIDDLE LAYER 
2 1.0291 0.8512 17.29 
3 1.1138 1.1317 21.62 
4 1.6570 1.2381 25.28 
5 1.2135 1.0096 16.80 BOTTOM LAYER 
6 1.5068 1.2103 19.68 
TABLE 7.3.1.2c 317 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SDC41 
SERIAL NO 
DEFLECTION (mm) FROM : CAGE DIFFERENCE REMARKS 
STIFFNESS 11ETHOD(1) G. A. METHOD (2) <1 . 0-(2)/(1) )M 100 
1 1.5343 1.1155 7.48 MIDDLE LAYER 
2 1.7923 1.6639 7.16 
3 1.9811 1.8441 7.01 
4 2.1056 1.9550 7.15 
5 2.1399 1.9923 6.90 
6 1.8776 1.7626 6.12 BOTTOM LAYER 
7 2.0295 1.9080 5.99 
8 2.1073 1.9829 5.90 
I 
TABLE 7.3.1.2d 
COMPARISON OF VERTICAL DEFLECTIONS IN THE MODEL SOCC1 
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SERIAL NO 
DEFLECTION (mm) FROM : CAGE DIFFERENCE REMARKS 
STIFFNESS 11ETHOD(1) G. A. METHOD (2) "0-(2)/(1))VI 00 
1 3.7848 3.5771 5.49 MIDDLE LAYER 
2 1.1223 3.8971 5.46 
3 1.3865 1.1515 5.36 
1 4.5819 4.3355 5.38 
5 4.6957 4.4697 1.81 
6 1.7375 4.1813 5.34 
7 1.1721 1.2524 4.92 BOTTOM LAYER 
8 1.6266 1.4004 1.89 
9 4.7044 4.4750 4.88 
TABLE 7.3.1.2e 
COMPARISON OF THE VERTICAL DEFLECTIONS IN THE MODEL SOC62 
SERIAL NO 
DEFLECTION Cmm) FROM RAGE DIFFERENCE REMARKS 
STIFFNESS 1ETH00(1) G. A. METHOD (2) C1.0-C2)«Cl))mISO 
1 3.0344 2.8888 4.80 MIDDLE LAYER 
2 3.3391 3.1722 5.00 
3 3.5881 3.4039 5.13 
4 3.7839 3.5771 3.46 
5 3.9187 3.6862 5.93 
6 3.9835 3.7239 6.52 
7 3.6758 3.4983 4.83 BOTTOM LAYER 
8 3.8399 3.6403 5.20 
9 3.9377 3.7144 5.67 
TABLE 7.3.2.1 a' 319 
COMPARISON OF AXIAL FORCES IN THE SKELETAL MEMBERS OF THE MODEL SOS21 
SERIAL NO 
AXIAL'FORCES (N) FROM RAGE DIFFERENCE REMARKS 
STIFFNESS 11ETHOD(1) S. A. METHOD (2) (1 . 0-(2)x(1) )V 
100 
I -190.0190 -202.1716 -6.55 TOP LAYER 
2 -312.7030 -352.1507 -2.84 
3 -159.9740 -112.4380 3.81 
It -180.1320 -172.1338 1.66 
5 182.7760' 202.1716 -10.78 BOTTOM LAYER 
6 358.3090 352.1507 1.63 
7 458.4680 112.1380 3.50 
8 502.1130 172.1338 5.92 
TABLE 7.3.2.1b 
COMPARISON OF AXIAL"FORCES IN THE SKELETAL MEMBERS OF THE MODEL SOS22 
SERIAL`NO 
AXIAL FORCES (N) FROM : CAGE DIFFERENCE REMARKS 
STIFFNESS METHOO(I) G. A. METHOD C2) C1 . 0-C2)/C 1 ))M100 
1 -349.2570 -373.6501 -6.98 TOP LAYER 
2 -776.1880 -747.3002 3.72 
3 -1160.2490 -1120.9504 3.39 
4 -1576.4141 -1494.6003 5.19 
5 368.1340 373.6501 -1.50 BOTTOM LAYER 
6 763.6021 747.3002 2.13 
7 1139.1260 1120.9504 1.51 
8' 1575.0979- 1494.6003 5.11 
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TABLE 7.3.2.1 c 
COMPARISON OF AXIAL FORCES IN THE MODEL SOSi1 
SERIAL NO 
AXIAL FORCES (N) FROM : LAGE DIFFERENCE REMARKS 
STIFFNESS f1ETHODC 1) S. A. METHOD (2) C1 "0-(2 )iý 1) )M100 
1 -712.5680 -718.0881 -0.77 
TOP LAYER 
2 -819.5820 -923.3579 -0.16 
3 -890.1780 -898.5504 -0.91 
1 -950.5510 -913.6659 0.72 
5 -964.2810 -958.7045 0.58 
6 726.1071 718.0881 1.10 BOTTOM LAYER 
7 828.6250 823.3579 0.61 
8 906.5750 898.5501 0.89 
9 951.1550 913.6659 0.79 
10 967.1680 958.7015 0.88 
TABLE 7.3.2.1d 
COMPARISON OF AXIAL FORCES IN THE MODEL SOS42 
SERIAL NO 
AXIAL FORCES (N) FROM RAGE DIFFERENCE REMARKS 
STIFFNESS METHOD(1) S. A. METHOD (2) (1.0-(2)/(1))Ni 00 
1 -755.8530 -749.3232 0.86 TOP LAYER 
2 -937.6680 -936.6511 0.11 
3 -1131.5120 -1123.9819 0.93 
It -1329.5950 -1311.3157 1.37 
5 -1551.1670 -1198.6165 3.57 
6 750.3030 719.3232 0.13 BOTTOM LAYER 
7 917.3361 
. 
936.6511 1.13 
8 1131.5830 1123.9849 0.67 
9 1313.5830 1311.3157 0.17 
10 
.. 
1353.5319 1198.6165 3.66 
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TABLE 7.3.2.1e 
COMPARISON OF AXIAL FORCES IN THE MODEL SDSGI 
SERIAL NO 
AXIAL FORCES (N) FROM %AGE DIFFERENCE REMARKS 
STIFFNESS METHOD(1) G. A. METHOD (2) (1.0'(2)x(1)) 100 
1 -1201.1709 -1191.1153 1.11 TOP LAYER 
2 -1271.1109 -1281. t21t -0.79 
3 -1355.7759 -1351.6365 0.31 
It -1391.0319 -1101.7898 -0.77 
5 -1133.4299 -1101.7898 2.21 
6 -1138.1210 -1111.9126 -0.26 
7 1187.5161 1191.1153 -0.31 BOTTOM LAYER 
8 1302.3789 1281.1211 1.61 
9 1315.8220 1351.6365 -0.13 
10 1113.6370 1101.7898 0'. 81 
11 1128.7819 1131.8818 -0.22 
12 1115.5959 llfl. 9126 0.25 
TABLE 7.3.2.1F 
COMPARISON OF AXIAL FORCES IN THE MODEL SDSG2 
SERIAL NO 
AXIAL FORCES (N) FROM %AGE DIFFERENCE REMARKS 
STIFFNESS IETHOD(%) G. A. METHOD (2) C1.0-C2)/C1))*100 
1 -897.3571 -874.6189 2.53 TOP LAYER 
2 -SSi. 3070 -999.5988 -0.53 
3 -1156.6470 -1121. St86 2.78 
It -1217.8275 -1219.4985 -0.13 
5 -1383.9529 -1371.4482 0.69 
6 -1521.8279 -1499.3982 1.67 
7 872.0660 874.6489 -0.30 BOTTOM LAYER 
8 1027.1651 999.5988 2.71 
9 1121.3560 1124.5486 -0.28 
10 1282.5029 1249.4985 2.57 
11 1367.1270 1371.1482 -0.51 
12 1525.2930 1499.3982 1.70 
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TABLE 7.3.2.2a 
COMPARIOSN OF AXIAL FORCES IN SKELEATAL MEMBERS OF THE MODEL SDC21 
SERIAL NO 
AXIAL FORCES CN) FROM USE DIFFERENCE REMARKS 
STIFFNESS METHOD(1) G. A. METHOD (2) (1.0-(2), (1))10100 
1 -33.3080 -35.5761 -6.81 TOP LAYER 
2 -60.5860 -61.9293 -2.22 
3 -80.0600 -77.7410 2.90 
4 -102.7220 -83.0116 19.19 
5 152.8190 139.0675 8.51 MIDDLE LAYER 
6 150.7378 159.6700 -5.93 
7 155.1950 171.6139 -12.31 BOTTOM LAYER 
6 307.3630 301.8896 1.89 
9 393.2140 381.6292 2.95 
10 396.7100 407.5023 -2.71 
TABLE 7.3.2.2b 
COMPARISON OF AXIAL FORCES IN THE SKELETALMEMBERS OF THE 10DEL SOC22 
SERIAL NO 
AXIAL FORCES (N) FROM RAGE DIFFERENCE' REMARKS 
STIFFNESS METHOD(1) G. A. METHOD (2) (1 "0-(2>/C i »10100 
1 -68.2840 -65.6512 "3.85 TOP LAYER' 
2 -141.5300 -131.3085 7.22 
3 -218.3460 -196.9627 9.79 
4 -302.1650 -262.6169 13.09 
5 347.5030 320.8015 7.68 MIDDLE LAYER 
6 398.1050 449.1221 -12.81` 
7 311.7950 322.2955 -2.38 BOTTOM LAYER 
8 656.7640 644.5909 1.85 
9 981.6331 966.8864 1.50 
10 1316.7461 1269.1819 2.09 
TABLE 7.3.2.2c 323 
COMPARISON OF AXIAL FORCES IN THE SKELETAL MEMBERS OF THE MODEL SOC41 
SERIAL NO 
AXIAL FORCES (N) FROM ; CAGE DIFFERENCE RAS 
STIFFNESS rETHO0(1) G. A. METHOD (2) (1.8-C2)/(I))M100 
1 -123.8150 -126.1066 -1.85 TOP LAYER 
2 -131.6270 -144.5931 -7.10 
3 -151.7130 -157.7983 -1.99 
It -161.1890 -165.7213 -0.75 
5 -160.5730 -168.3622 -4.85 
6 301.9220 296.8015 1.70 MIDDLE LAYER 
7 331.9110 317.1185 5.22 
8 331.5290 327.7721 1.13 
9 632.0210 619.0552 2.05 BOTTOM LAYER 
18 732.3070 709.8068 3.07 
11 766.3370 771.6293 1.19 
12 831.0780 813.5227 2.11 
13 827.7830 826.1873 8.16 
TABLE 7.3.2.2d 
COMPARISON OF AXIAL FORCES IN THE SKELETAL MEMBERS OF-THE MODEL SDC12 
SERIAL NO 
AXIAL FORCES (N) FROM ; CAGE DIFFERENCE REMARKS 
STIFFNESS METHOD(I) G. A., METHOD (2) Cl . 0-(2)/(1 ))MISS 
1 -132.5848 -131.5919 0.75 TOP LAYER 
2 -178.1189 -161.1899 7.65 
3 -198.2075 -197.3978 0.11 
4 -238.3817 -230.2858 3.10 
5 -273.2819 -263.1938 3.67 
6 358.9163 353.6434 1.47 t1IDDLE LAYER 
7 137.9315 417.9422 1.56 
.8 
482.1261 482.2110 -0.82 
9 657.5668 645.9823 1.76 BOTTOM LAYER 
10 833.6858 807.1779 3.38 
11 981.6628 968.9735 '1.29 
12 1116.3894 1130.1690 1.39 
13 1339.2400 1291.9646 3.53 
TABLE 7.3.2.2e 
COMPARISON OF AXIAL FORCES IN SKELETAL MEMBERS OF THE MODEL SDCG1 
3ý4 
SERIAL NO 
AXIAL FORCES (N) FROM %AGE DIFFERENCE REMARKS 
STIFFNESS rETHOO(1) S. A. METHOD C2) (1.0-(2)/(1))M100 
1 -216.0170 -209.1609 3.17 TOP LAYER 
2 -220.4110 -225.0131 -2.09 
3 -240.6920 -237.3426 1.39 
4 -240.8720 -246.3426 -2.27 
5 -248.9610 -251.4335 -0.99 
6 -250.1920 -253.1948 -1.20 
7 490.5740 473.3510 3.51 MIDDLE LAYER 
8 509.0660 487.1212 4.31 
9 514.7750 494.0063 4.03 
10 1071.5601 1026.7673 4.18 BOTTOM LAYER 
11 1183.4800 1104.5854 6.67 
12 1213.9460 1165.1106 4.02 
13 1283.8870 1208.3430 5.88 
14 1284.6499 1234.2825 3.92 
15 1281.3030 1242.9290 2.99 
TABLE 7.3.2.2F 
COMPARISON OF AXIAL FORCES IN THE SKELETAL MEMBERS OF THE M00EL"SOC62 
SERIAL NO 
AXIAL FORCES(N) FROM USE DIFFERENCE REMARKS 
STIFFNESS METHOD(1) S. A. METHOD (2) (1.0-(2 )/C 1) 
)11100 
1 -159.6990 -153.5853 3.63 
TOP LAYER 
2 -173.0960 -175.5261 -1.40 
3 -203.5010 -197.4668 2.97 
1 -216.7810 -213.4076 -1.21 
5 -246.2730 -241.3483 2.00 
6 -256.2760 -263.2891 -2.74 
7 424.5220 407.3896 4.04 MIDDLE LAYER 
8 466.5220 450.2716 3.48 
9 502.8260 193.1547 1.92 
10 787.0840 753.9475 4.21 BOTTOM LAYER 
11 931.2380 861.6543 7.47 
12 1010.1130 969.3610 4.03 
13 1164.1919 1877.0679 7.48 
14 1205.7539 1184.7747 1.71 
15 1343.7439 1292.4814 3.81 
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TABLE 7.3.3a 
THE MAX PRINCIPAL STRESSES COMPARISON AT TOP OF PLATE IN MODEL SOC21 
SERIAL NO 
MAX PRINCIPAL STRESS(Nimm2) FROM %AGE DIFFERENCE REMARKS 
STIFFNESS IETHOD(1) G. A. METHOD (2) (1.0-(2)/(1))W100 
1 -0.9534 -0.9297 2.19 
2 -1.1315 -1.6183 -13.05 
3 -1.8192 -2.0315 -11.67 
1 -2.1973 -2.1692 1.28 
TABLE 7.3.3b 
THE MAX PRINCIPAL STRESSES COMPARISON AT TOP OF PLATE IN THE MODEL SOC22 
SERIAL NO 
MAX PRINCIPAL STRESS(N/mm ) FROM SAGE DIFFERENCE REMARKS 
STIFFNESS M1ETHOD(I ) G. A. i1ETHOD C2) (1 "0-(2)/C1 
))W100 
1 -1.8314 -1.7156 6.32 
2 -3.2131 -3.1313 -6.79 
3 -1.7150 -5.1469 -8.17 
4 -6.5989 -6.8625 -3.99 
0 
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TABLE 7.3.3c 
MAX PRINCIPAL STRESSES COMPARISON AT TOP OF PLATE IN THE MODEL SDC41 
SERIAL NO 
MAX PRINCIPAL STRESSCN/mm ) FROM TAGE DIFFERENCE REIIARKS 
STIFFNESS FETHOD(1) G. A. METHOD C2) C1.0-C2)i0 )) 100 
1 -2.9904 -3.1902 -6.68 
2 -3.5062 -3.6579 -1.33 
3 -3.7053 -3.9919 -7.73 
4 -3.9142 -4.1924 -6.29 
5 -4.2319 -1.2592 -0.65 
TABLE 7.3.3d 
MAX PRINCIPAL STRESSES COMPARISON AT TOP OF PLATE IN THE MODEL SDC42 
SERIAL NO 
MAX PRINCIPAL STRESSCN/mm2) FROM SAGE DIFFERENCE REMARKS 
STIFFNESS METHOD(I) G. A. METHOD C2) C12)/CI))"100 
1 -3.1760 -3.3290 -4.82 
2 -4.0637 -1.1612 -2.40 
3 -4.7154 -4.9935 -5.90 
4 -5.5256 -5.8257 -5.43 
5 -6.4633 -6.6579 -3.01 
0 
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TABLE 7.3.3e 
MAX PRINCIPAL STRESSES COMPARISON AT TOP OF THE PLATE IN THE MODEL SDCG1 
SERIAL NO 
MAX PRINCIPAL STRESS(N/mm ) FROM SAGE DIFFERENCE REMARKS 
STIFFNESS METHOD( l) G. A. METHOD (2) C1 . 0-(2)i(1 ))+K100 
1 -5.0618 -5.2332 -3.32 
2 -5.3395 -5.6298 -5.14 
3 -5.6921 -5.9383 -1.32 
It -5.7177 -6.1586 -7.15 
5 -5.9199 -6.2908 -5.73 
6 -6.1052 -6.3319 -3.76 
TABLE 7.3.3F 
MAX PRINCIPAL STRESSES COMPARISON AT TOP OF THE PLATE IN THE MODEL SDC62 
SERIAL NO 
MAX PRINCIPAL STRESS(Nimm ) FROM RAGE DIFFERENCE REMARKS 
STIFFNESS IETHOD(1) G. A. METHOD (2) (1.0'(2)x(1))*100 
1 -3.7223 -3.8127 -3.23 
2 -1.1907 -4.3916 -4.79 
3 -1.7619 -1.9406 -3.75 
-5.2226 -5.4895 -5.11 
5 -5.7563 -6.0385 -4.90 
6 -6.3210 -6.5875 -1.22 
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TABLE 7. i. la 
COMPARISON OF DEFLECTIONS IN THE COMPOSITE MODEL 
SPAN/WIDTH= 4.0 SPAN/DEPTH=10.0 
X=R*SPA DEFLECTION (mm) FROM THE DIFFERENCE REMARKS 
R STIFFNESS 1ETHOD(1) G. A. METHOD (2) (1 . 0-(2 )/C 1) )w100 
0.2500 0.9172 0.7818 14.76 MIDDLE LAYER 
0.3125 1.0819 0.9221 1t. 7t MIDDLE LAYER 
0.3750 1.2111 1.0287 15.08 MIDDLE LAYER 
0.4375 1.3045 1.0958 16.00 MIDDLE LAYER 
0.5000 1.3506 1.1191 17.11 MIDDLE LAYER 
0.3,137 1.1107 0.9802 14.07 BOTTOM LAYER 
0. i062 1.2509 1.0675 14.66 BOTTOM LAYER 
0.1687 1.3195 1.1132 15.63 BOTTOM LAYER 
TABLE 7. i. lb 
COMPARISON OF NODAL DEFLECTIONS IN THE COMPOSITE MODEL 
SPAN/WIDTH= 4.0 SPAN/DEPTH=16.0 
X=R*SPA DEFLECTION (mm) FROM THE X DIFFERENCE REMARKS 
R STIFFNESS METHOD(l) G. A. METHOD (2) C1.0-C2), ( 1))m100 
0.2500 2.1835 2.0009 8.36 MIDDLE LAYER 
0.3125 2.5719 2.3606 8.32 MIDDLE LAYER 
0.3750 2.8801 2.6328 8.59 MIDDLE LAYER 
0.1375 3.0887 2.8045 9.20 MIDDLE LAYER 
0.5000 3.1815 2.8610 9.98 MIDDLE LAYER 
0.3137 2.7122 2.5085 7.51 BOTTOM LAYER 
0.4062 2.9665 2.7320 7.90 BOTTOM LAYER 
0.1687 3.1138 2.8489 8.51 BOTTOM LAYER 
TABLE 7.4. tc 
COMPARISON OF DEFLECTIONS IN THE COMPOSITE MODEL 
SPAN/WIDTH= 4.0 SPAN/DEPTH=20.0 
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X=R*SPA DEFLECTION (mm) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS nETHOD(1) G. A. FETHOD (2) C1.0-C2)iCt))*100 
0.2500 3.3187 3.1256 6.66 MIDDLE LAYER 
0.3125 3.9487 3.6875 6.61 MIDDLE LAYER 
0.3750 4.4156 1.1127 6.86 MIDDLE LAYER 
0.1375 4.7308 4.3809 7.10 MIDDLE LAYER 
0.5000 1.8671 4.1739 8.08 MIDDLE LAYER 
0.3437 4.1586 3.9185 5.77 BOTTOM LAYER 
0.4062 4.1548 4.2676 4.20 BOTTOM LAYER 
0.4687 4.7660 4.4503 6.62 BOTTOM LAYER 
TABLE 7.4. ld 
COMPARISON OF DEFLECTIONS IN THE COMPOSITE MODEL 
SPAN'WIDTH= i. 0 SPAN/DEPTH=25.0 
X=R*SPA DEFLECTION (mm) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS METHOD(1) G. A. IETHOD (2) ))*100 
0.2500 5.1610 4.8817 5.41 MIDDLE LAYER 
0.3125 6.0851 5.7594 5.35 MIDDLE LAYER 
0.3750 6.8034 6.4235 5.58 MIDDLE LAYER 
0.4375 7.2841 6.8424 6.06 MIDDLE LAYER 
0.5000 7.4883 6.9876 6.69 MIDDLE LAYER 
0.3437 6.1082 6.1202 4.49 BOTTOM LAYER 
0.4062 7.0021 6.6655 4.81 BOTTOM LAYER 
0.4687 7.3358 6.9508 5.25 BOTTOM LAYER 
TABLE 7.4. te 
COMPARISON OF DEFLECTIONS IN THE COMPOSITE MODEL 
SPAN/WIDTH= 4.0 SPAN/DEPTH=30.0 
X=R*SPA DEFLECTION (mm) FROM THE k DIFFERENCE REMARKS 
R STIFFNESS METHOD(1) G. A. METHOD (2) . 0'C2)/(1))10100 
0.2500 7.3653 7.0262 4.60 MIDDLE LAYER 
0.3125 8.6831 8.2891 4.54 MIDDLE LAYER 
0.3750 9.7071 9.2153 4.76 MIDDLE LAYER 
0.1375 10.3890 9.8481 5.21 MIDDLE LAYER 
0.5000 10.6760 10.0572 5.80 MIDDLE LAYER 
0.3137 9.1448 8.8088 3.67 BOTTOM LAYER 
0.4062 9.9898 9.5935 3.97 BOTTOM LAYER 
0.4687 10.4610 10.0012 1.37 BOTTOM LAYER 
TABLE 7. i. 1F 
COMPARISON OF DEFLECTIONS IN THE COMPOSITE MODEL 
SPAN'WIDTH= 4.0 SPAN/DEPTH=40.0 
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X=RWSPA DEFLECTION (mm) FRON THE X DIFFERENCE REMARKS 
R STIFFNESS METHOD(l) G. A . METHOD (2) 
(1 ))*100 
0.2500 12.9310 12.1753 3.55 MIDDLE LAYER 
0.3125 15.2170 11.7182 3.17 MIDDLE LAYER 
0.3750 17.0130 16.4155 3.68 MIDDLE LAYER 
0.1375 18.2320 17.4858 1.09 MIDDLE LAYER 
0.5000 18.7260 17.8571 4.64 MIDDLE LAYER 
0.3137 16.0590 15.6104 2.61 BOTTOM LAYER 
, 
0.4062 17.5380 17.0337 2.88 BOTTOM LAYER 
0.1687 18.3590 17.7629 3.25 BOTTOM LAYER 
TABLE 7.4. lg 
COMPARISON OF DEFLECTIONS IN THE COMPOSITE MODEL 
SPAN/WIDTH= 4.0 SPAN/DEPTH=60.0 
X=RWSPA DEFLECTION (mm) FROM THE X DIFFERENCE REMARKS 
R STIFFNESS IETHOD(I) G. A. IETHOD (2) C1.0-C2)'(1))Ni100 
0.2500 28.5560 27.9695 2.05 MIDDLE LAYER 
0.3125 33.6590 32.9981 1.96 MIDDLE LAYER 
0.3750 37.6220 36.8033 2.18 MIDDLE LAYER 
0.4375 40.2260 39.2028 2.51 MIDDLE LAYER 
0.5000 '41.3020 40.0352 3.07 MIDDLE LAYER 
0.3437 35.4670 35.0655 1.13 BOTTOM LAYER 
0.4062 38.7220 38.1894 1.38 BOTTOM LAYER 
0.4687 40.5270 39.8212 1.73 BOTTOM LAYER 
TABLE 7.4.2a 
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AXIAL FORCES COMPARISON IN THE SKELETAL MEMBERS OF THE COMPOSITE MODEL 
SPAN/WIDTH= 4.0 SPAN/DEPTH=10.0 
X=RWSPAN AXIAL FORCES CN) FROM THE DIFFERENCE REMARKS 
R STIFFNESS METHOD(1) G. A. METHOD C2) (1.0-C2)/(1 ))*100 
0.2500 -126.6010 -128.9189 -1.83 TOP LAYER 
0.3125 -162.0790 -154.6251 4.60 TOP LAYER 
0.3750 -174.2710 -177.6890 -1.96 TOP LAYER 
0.4375 -204.3050 -198.1105 3.03 TOP LAYER 
0.5000 -206.4860 -215.8896 -4.55 TOP LAYER 
0.3437 346.6710 325.3981 6.14 MIDDLE LAYER 
0.4062 382.5010 367.8939 3.82 MIDDLE LAYER 
0.1687 120.5000 405.2252 3.63 MIDDLE LAYER 
0.2500 721.1190 632.8601 12.24 BOTTOM LAYER 
0.3125 803.0330 759.0520 5.48 BOTTOM LAYER 
0.3750 972.5920 872.2721 10.31 BOTTOM LAYER 
0.1375 1013.0510 972.5208 4.00 BOTTOM LAYER 
0.5000 1098.4829 1059.7979 3.52 BOTTOM LAYER 
TABLE 7.4.2b 
AXIAL FORCES COMPARISON IN THE SKELETAL MEMBERS OF THE COMPOSITE MODEL 
SPAN/WIDTH= 4.0 SPAN/DEPTH=lG. 0 
X=RWSPAN AXIAL FORCES (N) FROM THE DIFFERENCE REMARKS 
R STIFFNESS METHOD(l) G. A. METHOD (2) C1.0-(2), (1))w102 
0.2500 -204.6610 -206.2122 -0.76 TOP LAYER 
0.3125 -263.7490 -217.3306 6.23 TOP LAYER 
0.3750 -281.7210 -284.2225 -0.89 TOP LAYER 
0.4375 -325.4860 -316.8876 2.64 TOP LAYER 
0.5000 -349.2350 -345.3261 1.12 TOP LAYER 
0.0000 -358.9426 -376.2818 -4.83 TOP DIAGONAL 
0.3137 538.5490 520.4908 3.35 MIDDLE LAYER 
-0.4062 614.4150 588.1652 4.22 MIDDLE LAYER 
0.1687 656.5980 648.1786 1.28 MIDDLE LAYER 
0.0000 301.9270 376.2818 -23.40 BOTTOM DIAGONAL 
0.2500 1135.2930 1012.2924 10.83 BOTTOM LAYER 
0.3125 1262.9910 1214.1423 3.87 BOTTOM LAYER 
0.3750 1530.5801 1395.2439 8.84 BOTTOM LAYER 
0.4375 1589.4690 1555.5967 2.13 BOTTOM LAYER 
0.5000 1742.4399 1695.2009 2.71 BOTTOM LAYER 
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TABLE 7.4.2c 
AXIAL FORCES COMPARISON IN THE SKELETAL MEMBERS OF THE COMPOSITE MODEL 
SPAN'WIDTH= i. 0 SPAN/DEPTH=20.0 
X=RWSPAN AXIAL FORCES (N) FROM THE :c DIFFERENCE REMARKS 
R STIFFNESS METHOD( l) G .A . METHOD (2) 
(1.0-C 2)/Cl ))* 100 
0.2500 -256.8710 -257.6985 -0.32 TOP LAYER 
0.3125 -331.1610 -309.0831 6.75 TOP LAYER 
0.3750 -353.9180 -355.1862 -0.36 " TOP LAYER 
0.1375 -101.1850 -396.0071 2.10 TOP LAYER 
0.5000 -151.3820 -131.5161 5.03 TOP LAYER 
0.0000 -121.2950 -125.8578 -0.37 TOP DIAGONAL 
0.3137 660.1071 650.1118 1. f6 MIDDLE LAYER 
0.1062 771.7710 735.3907 1.71 MIDDLE LAYER 
0.1687 802.2111 810.0131 -0.97 MIDDLE LAYER 
0.0000 352.8580 125.8578 -20.69 BOTTOM DIAGONAL 
0.2500 1110.1951 1265.0376 10.31 BOTTOM LAYER 
0.3125 1566.1179 1517.2817 3.12 BOTTOM LAYER 
0.3750 1901.9919 1713.6028 8.33 BOTTOM LAYER 
0.1375 1975.9500 1913.9919 1.62 BOTTOM LAYER 
0.5000 2161.7720 2118.1521 2.11 BOTTOM LAYER 
TABLE 7.4.2d 
AXIAL FORCES COMPARISON IN THE SKELETAL MEMBERS OF THE COMPOSITE MODEL 
SPAN'WIDTH= 4.0 SPAN/DEPTH=25.0 
X=R*SPAN AXIAL FORCES (N) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS METHOD(1) G. A. METHOD (2) . 0-C2)i(t))M100 
0.2500 -322.1260 -321.9927 0.04 TOP LAYER 
0.3125 -415.7720 -386.1978 7.11 TOP LAYER 
0.3750 -144.4360 -113.8030 0.14 TOP LAYER 
0.1375 -502.2150 -494.8085 1.47 TOP LAYER 
0.5000 -591.6129 -539.2111 8.86 TOP LAYER 
0.0000 -513.2313 -493.5153 3.81 TOP DIAGONAL 
0.3437 809.6479 812.7271 -0.38 MIDDLE LAYER 
0.4062 969.6420 918.8665 5.21 MIDDLE LAYER 
0.4687 977.4320 1012.1066 -3.55 MIDDLE LAYER 
0.0000 416.4990 493.5153 -18.49 BOTTOM DIAGONAL 
0.2500 1753.1960 1580.6570 9.84 BOTTOM LAYER 
0.3125 1913.8689 1895.8381 2.17 BOTTOM LAYER 
0.3750 2365.2412 2178.6216 7.89 BOTTOM LAYER 
0.1375 2459.3442 2429.0063 1.23 BOTTOM 
LAYER 
L 0.5000 2687.0869 2646.9932 1.49 BOTTOM LAYER 
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TABLE 7.4.2e 
AXIAL FORCES COMPARISON IN THE SKELETAL MEMBERS OF THE COMPOSITE MODEL 
SPAN/WIDTH= 4.0 SPAN/DEPTH=30.0 
X=RMSPAN AXIAL FORCES (N) FROM THE :t DIFFERENCE REMARKS 
R STIFFNESS rETHOD(t ) G. A . 11ETHOD (2) 
(1 "0-C 2)i(1) )+ 100 
0.2500 -387.2970 -386.2006 0.28 TOP LAYER 
0.3125 -496.6758 -463.2086 6.74 TOP LAYER 
0.3750 -534.9730 -532.3007 0.50 TOP LAYER 
0.1375 -599.2153 -593.4771 0.96 TOP LAYER 
0.5000 -730.5941 -646.7375 11.18 TOP LAYER 
0.0000 --599.2150 -565.2285 5.67 TOP 
DIAGONAL 
0.3137 958.1036 974.7899 -1.71 MIDDLE LAYER 
0.4062 1166.3870 1102.0942 5.51 MIDDLE LAYER 
0.1687 1117.1609 1213.9270 -5.82 MIDDLE LAYER 
0.0000 483.8584 565.2285 -16.82 BOTTOM DIAGONAL 
0.2500 2092.4468 1895.8503 9.40 BOTTOM LAYER 
0.3125 2319.9565 2273.8809 1.99 BOTTOM LAYER 
0.3750 2826.2456 2613.0527 7.54 BOTTOM LAYER 
0.1375 2938.3979 2913.3662 0.85 BOTTOM LAYER 
0.5000 3204.3599 3174.8213 0.92 BOTTOM LAYER 
TABLE 7. i. 2F 
AXIAL FORCES COMPARISON IN THE SKELETAL MEMBERS OF THE COMPOSITE MODEL 
SPAN/WIDTH= 4.0 SPAN/DEPTH=40.0 
X=R*SPAN AXIAL FORCES (N) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS IETHODC I) G. A . rETHOD (2) 
(1 . 0-(2)/(1))IN, 
00 
0.2500 -515.3768 -514.2870 0.21 TOP LAYER 
0.3125 -663.2308 -616.8352 7.00 TOP LAYER 
0.3750 -713.9236 -708.8423 0.71 TOP LAYER 
0.4375 -789.9628 -790.3083 -0.01 TOP LAYER 
0.5000 -1005.4072 -861.2332 14.31 TOP LAYER 
0.0000 -777.2896 -716.3112 7.85 TOP DIAGONAL 
0.3437 1254.6467 1298.0876 -3.46 MIDDLE LAYER 
0.4062 1550.3547 1467.6135 5.31 MIDDLE LAYER 
0.4687 1486.9888 1616.5366 -8.71 MIDDLE LAYER 
0.0000 616.7625 716.3112 -16.14 BOTTOM DIAGONAL 
0.2500 2766.9819 2524.6255 8.76 BOTTOM LAYER 
0.3125 3071.1387 3028.0332 1.40 BOTTOM LAYER 
0.3750 3738.5942 3479.6943 6.93 BOTTOM LAYER 
0.1375 3894.8970 3879.6094 0.39 BOTTOM LAYER 
0.5000 4224.4004 1227.7783 -0.08 BOTTOM LAYER 
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TABLE 7.4.2g 
AXIAL FORCES COMPARISON IN THE SKELETAL MEMBERS OF THE COMPOSITE MODEL 
SPAN'WIDTH= 4.0 SPAN/DEPTH=60.0 
X=RWSPAN AXIAL FORCES (N) FROM THE i DIFFERENCE REMARKS 
R STIFFNESS fETHODCI) G. A. rETHOD (2) C1.0-C2), (1))W120 
0.2500 -774.4637 -768.6768 0.75 TOP LAYER 
0.3125 -997.5093 -921.9501 7.57 TOP LAYER 
0.3750 -1071.8579 -1059.4680 1.16 TOP LAYER 
0.1375 -1183.3806 -1181.2310 0.18 TOP LAYER 
0.5000 -1536.5359 -1287.2383 16.22 TOP LAYER 
0.0000 -1115.2278 -1032.4800 7.42 TOP DIAGONAL 
0.3437 1833.9302 1940.1799 -5.79 MIDDLE LAYER 
0.4062 2286.2168 2416.1479 -5.68 MIDDLE LAYER 
0.4687 2162.3027 2193.5610 -1. tt MIDDLE LAYER 
0.0000 885.9864 1032.4800 -16.53 BOTTOM DIAGONAL 
0.2500 4076.7773 3773.4189 7.44 BOTTOM LAYER 
0.3125 4547.6514 4525.8340 0.48 BOTTOM LAYER 
0.3750 5514.1816 5200.9072 5.68 BOTTOM LAYER 
0.1375 5755.8145 5798.6387 -0.74 BOTTOM LAYER 
0.5000 6195.7100 6319.0273 -1.99 BOTTOM LAYER 
TABLE 7. i. 3a 
COMPARISON OF PRINCIPAL STRESSES IN THE COMPOSITE MODEL'S PLATE 
SPAN/WIDTH= 4.0 SPAN/DEPTH=10.0 
X=R*SPAN MAX PRINCIPAL STRESS(N/sq mm ) FROM THE DIFFERENCE REMARKS 
R STIFFNESS 1ETHOD(1) G. A. 1ETHOD (2) C1.0-(2)/C1))%100 
0.2500 -3.0887 -3.2076 -3.85 TOP PLATE 
0.3125 -3.7725 -3.8472 -1.98 TOP, PLATE 
0.3750 -4.2242 -4.4211 -4.66 TOP PLATE 
, 
0.4375 -4.7569 -4.9292 -3.62 
TOP PLATE 
0.5000 -5.1677 -5.3715 -3.94 
TOP, PLATE 
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TABLE 7. i. 3b 
COMPARISON OF PRINCIPAL STRESSES IN THE COMPOSITE MODEL'S PLATE 
SPAN/WIDTH= 4.0 SPAN/DEPTH=16.0 
X=RwSPAN MAX PRINCIPAL STRESS(N/sq mm ) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS METHOD( l) G .A . f7ETH00 C2) 
(I . 0-(2), C 1) )w100 
0.2500 -4.7192 -5.1823 -9.12 TOP PLATE 
0.3125 -6.0662 -6.2157 -2.46 TOP PLATE 
0.3750 -6.7539 -7.1128 -5.76 TOP PLATE 
0.1375 -7.5869 -7.9637 -5.01 TOP PLATE 
0.5000 -8.3616 -8.6784 -3.79 TOP PLATE 
TABLE 7.4.3c 
COMPARISON OF PRINCIPAL STRESSES IN THE COMPOSITE MODEL'S PLATE 
SPAN/WIDTH= 4.0 SPAN'DEPTH=20.0 
X=R'tSPAN MAX PRINCIPAL STRESS<N/sq mm ) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS METHOD(l) G. A. METHOD (2) 1))W100 
0.2500 -6.1478 -6.5192 -6.04 TOP PLATE 
0.3125 -7.5709 -7.8191 -3.28 TOP PLATE 
0.3750 -8.4199 -8.9854 -6.72 TOP PLATE 
0.4375 -9.4269 -10.0181 -6.27 TOP PLATE 
0.5000 -10.6652 -10.9171 -2.36 TOP PLATE 
TABLE 7.4.3d 
COMPARISON OF PRINCIPAL STRESSES IN THE COMPOSITE MODEL'S PLATE 
SPAN/WIDTH= 4.0 SPAN'DEPTH=25.0 
X=R*SPAN MAX PRINCIPAL STRESS(N/sq mm ) FRON THE ' DIFFERENCE REMARKS 
R STIFFNESS METHOD(l) G. A. rETH00 (2) (1.0-(2)/(1))w100 
0.2500 -7.6394 -8.2128 -7.51 TOP PLATE 
0.3125 -9.4145 -9.8504 -4.63 TOP PLATE 
0.3750 -10.4748 -11.3197 -8.07 TOP PLATE 
0.1375 -11.6843 -12.6206 -9.01 TOP PLATE 
0.5000 -13.5889 -13.7533 -1.21 TOP PLATE 
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TABLE 7. i. 3e 
COMPARISON OF PRINCIPAL STRESSES IN THE COMPOSITE MODEL'S PLATE 
SPAN/WIDTH= i. 0 SPAN/DEPTH=30.0 
X=R*SPAN MAX PRINCIPAL STRESS(Nisq mm ) FRON THE k DIFFERENCE REMARKS 
R STIFFNESS IETHOD(1) G. A. IETHOD (2) (1.0-(2)i(1))si00 
0.2500 -9.1029 -9.9310 -9.10 TOP PLATE 
0.3125 -11.2158 -11.9112 -6.20 TOP PLATE 
0.3750 -12.4912 -13.6878 -9.55 TOP PLATE 
0.1375 -13.8911 -15.2610 -9.86 TOP PLATE 
0.5000 -16.1994 -16.6305 -0.79 TOP PLATE 
TABLE 7.4.3F 
COMPARISON OF PRINCIPAL STRESSES IN THE COMPOSITE MODEL'S PLATE 
SPAN/WIDTH= i. 0 SPAN'DEPTH=iO. 0 
X=R*SPAN MAX PRINCIPAL STRESS(N/sq mm ) FROM THE X DIFFERENCE REMARKS 
R STIFFNESS tETHOD< 1) G. A . IETHOD (2) 
(1 . 0-C 2)/(1))*100 
0.2500 -11.9412 -13.1390 -12.51 TOP PLATE 
0.3125 -14.6967 -16.1187 -9.68 TOP PLATE 
0.3750 -16. i181 -18.5230 -12.82 TOP PLATE 
0.4375 -18.1580 -20.6518 -13.73 TOP PLATE 
0.5000 -22.1648 -22.5051 -1.54 TOP PLATE 
TABLE 7.4.3g 
COMPARISON OF PRINCIPAL STRESSES IN THE COMPOSITE MODEL'S PLATE 
SPAN/WIDTH= 4.0 SPAN/DEPTH=60.0 
XwR*SPAN MAX PRINCIPAL STRESS(N. sq mm ) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS IETH0D(1) G. A. FETHOD (2) (1.0-(2)/(1 ))IN 100 
0.2500 -17.2831 -20.7273 -19.93 TOP PLATE 
0.3125 -21.2031 -24.8603 -17.25 TOP PLATE 
0.3750 -23.7947 -28.5685 -20.06 TOP PLATE 
0.4375 -26.1333' -31.8518 -21.88 TOP PLATE 
0.5000 -32.7266 -34.7103 -6.06 TOP PLATE 
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FIG 7.4.1 COMPARISON OF DEFLECTIONS IN THE COMPOSITE MODEL UNDER 
COMBINED UDL &2 POINT LOADINGS 
0 
a 
w 0 
z 
0 
U) 
O\ 
to N 
m w 
m c1 
m 
0 
00 xo 
W2 
w 
r. r. ý r. 
(N) 3 NOJ 1VIXV 
0 
00 xo 
>- w w 
ox zlwcý / 
w 
l') l; Ö! mN f' Cfl 00 
11111 
(N) 3080) '1V I XV 
m 
a- 
CD 
c) 
0 
F- c 
x 
I 
°i 
o 
U) 
m 
W 
J 
O 
O 
N 345 
Ed O 
O 
WN 
F- lo 
0. < 
OJ 
V 
W"Z 
F- O 
. -+ N 
N .6 W 
UJ 
oC O 
O 
LL. 
0 
JW 
<Z 
O 
U. U 
O 
OG 
ZW 
OO 
NZ 
u 
p 
UJ 
cD 
LL 
ai 
a- 
CL 
0 I-- 
t) 
Ed 
C3 0 
W 
.r 
in N 
O cM 
C) 
WJ 
F- tj 
Zý-+ 
8-+O 
Z 
a. 
ON 
N 
rr .ö 
NZ 
W º-+ 
V 
OG 
P 
LL 
L ei 
cD 
0., U- 
0 0 I- 
CD 
co 
m 
U, 
m 
Cl 
m0 
F- cN 
2 
F- 
O.. 
W 
0 
0 
GA 
0 
Oc 
2O 
t 
=w 0 
i 
cr) 
CS) t( ') to 
DMn co cri nNr 
CS) ........... XI1I;; NNN C4 Cl 
(WW bs, N) SS381S lvdI3NIsd 
C3 
OO 
2O 
w r- 
r_ 0 
O 
F- 
F- 
ei 
D 
LL 
N 
N 
346 
C] 
O 
O 
W 
H 
N 
O 
N 
O l7 
uZ 
w c3 
< 
F- O 
J 
Z 
UN ý-+ WO 
N C. 
N 
WN 
W- 
F- .3 
U tiJ 
Z 
6-4 
ce m 
CL. r_ 
O 
LL. U 
O 
ix 
ZW 
OO 
cn 
OC 
<W 
o -i u 0. 
M 
n 
Li- 
0 
0 
m 
U, 
w 
0 0 
wW 
1-- (11 
Og 
O 
OJ 
V 
F- 
ui z 
F- O 
CL Z 
6-+ N 
tN .ö W 
u 
oG 9 0 LL 
JW 
<z 
6-+ H 
Xm 
U. u 
O 
OO 
cn z 
c cý 
gL W 
o< VJ 
u N 
v- 
n 
U- 
.-... . ++ v"r-r ý"7 (N - 
(N) 33NU -VIXY 
CHAPTER 8 347 
PRACTICAL COMPOSITE TRIPLE LAYER BRIDGE GRIDS 
8.0 INTRODUCTION , 
The success of girder analogy is evident from the good 
agreement between the -results of a mathematical model 
obtained from this method and stiffness method. 
Particularly, gratifying is the agreement from rather simpler 
girder analogy method with the more complicated and computer 
based stiffness method over a range of span/width and 
span/depth ratios of the model (chapter 7). In order to 
further test the efficacy-of girder analogy method in the 
context of practical sized structures, a composite triple 
layer bridge grid is proposed to analyse with various slab 
. 
thicknesses. 
This chapter contains a discussion on results of the 
composite triple layer bridge grid with various slab 
thicknesses by using girder analogy, and-the comparison of 
these results with those obtained from some known methods 
mentioned in section 2.2 and listed in-Table 8.0.1. Further, 
effects of the continuum on the behaviour of the composite 
structure is also studied. The results confirm the accuracy 
and efficiency of -girder analogy over, the other approximate 
methods in dealing with the analysis of rectangular triple 
layer grids. Since stiffness method is well known and 
established-for-its accuracy, therefore it. is used as, a basis 
for the comparison for the other methods considered. 
Furthermore, as plate analogy is one of the methods employed, 
equivalent plate stiffness relationships. are also derived, for 
a general composite triple layer grid., 
Composite triple layer grids are considered.. as being composed 
of a skeletal frame made of circular steel tube members and 
the top concrete slab. Two cases of the composite triple 
layer grid are studied: First, when it has both steel tube 
members and concrete slab in the top layer, it is referred to 
as the 'Grid-1'. And, second when only the concrete slab 
constitutes the top layer of the structure, then it is 
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referred to as the 'Grid-2'. The interconnection pattern of 
skeletal members of* the structure is the same in both the 
cases, i. e. squares on diagonals. The same configuration 
has been used previously throughout this work. 
The design of apex joints can be made in accordance with the 
centroidal positions of top skeletal and continuum nodes of a 
composite structure. Consequently, if top skeletal joints 
and centroids of continuum elements do not coincide with each 
other, then the resulting eccentricities should be included 
in the analysis of the structure. However, both the 
composite triple layer grids considered in the present work 
are taken to have no eccentricities due to the limitations of 
some of the methods used. 
Table 8.0.1 
Method (Description Reference 
Standard Stiffness skeletal & shell elements chapter 3 
(S S) method having six degrees of freedom 
Girder Analogy skeletal and composite space- chapter 7 
(G A) method structures as eq plate girders 
Plate Analogy skeletal and composite space'' sections 
(P'A) method structures as eq plates 2.2.3&8.1 
Equivalent Energy shell elements as equivalent sections 
(E E) method pin ended skeletal members 2.2.2&3.5 
Spring Analogy separate treatment for section 
(S A) method skeletal and shell elements 2.2.4 
Each of the two grids studied are considered to be supported 
all along the two short edges of the bottom layer spanning a 
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distance (L ) of 28.9m and a width (L ) of 8.5m. The 
skeletal frame of the composite triple layer grid is taken to 
be of' 85 'square panels of 1.7m each, Fig 8.1.1a. The depth 
(h) from centre to centre of the top and bottom layers is 
taken as 1.156m. It follows that the span/width and 
span/depth ratios of the structure are 3.4 and 25, 
respectively. The' above choice of span/width and span/depth 
ratios not only provides a reasonable size of the structure 
but also easily manageable with stiffness method of analysis. 
The skeletal frame of 'the structure is composed of the 
identical size of circular steel tube members with an outside 
diameter of 76.1mm and a wall thickness of 5mm. However, the 
seven thicknesses of the concrete slab are considered for 
each of the two grids: 5,10,25,50,100,150 and 200mm. 
Further, for both the grids an efficient slab thickness, 
calculated from the criterion set in section 7.1.2.4, is also 
studied. The efficient thickness is 180.16mm for Grid-1 and 
185.67mm for Grid-2. Grid-1 is also treated as a skeletal 
triple layer grid, i. e. considering 'a zero slab thickness. 
Although some of the above mentioned slab thicknesses are not 
of practical importance, they are considered to emphasize the 
significant role of the continuum in the behaviour of a 
composite space structure. 
Composite triple layer grids are analysed with the above 
methods for the uniformly distributed loading of 1kN/m2. 
However, this loading is considered to be applied according 
to requirements of the method concerned. In case of plate 
analogy, the uniformly distributed loading is taken as it is, 
whilst the equivalent load per unit'length'is considered in 
case of girder analogy. The loading is transferred to the 
top layer nodal points for the remaining three methods of 
analysis. 
Results obtained from the-above mentioned methods are shown 
graphically to illustrate the comparison with each other. 
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This graphical representation also clearly demonstrates the 
efficacies of varying slab thicknesses on behaviours of the 
two types of grids. The study of results presented in this 
chapter shows the four important points: 
First, that the top layer skeletal member forces decrease at 
a much faster rate than the change in the continuum 
contribution towards the overall stiffness of the structure. 
This follows that the contribution of top layer skeletal 
members towards the overall stiffness of the composite 
structure decreases with the increase of the slab thickness. 
Therefore, for relatively thicker continuums there is no 
significant difference in the behaviour of composite triple 
layer grids with or without top layer skeletal members. 
'Second, that even though the continuum thickness is small and 
its individual contribution to the load carrying capacity is 
less than 20% of the overall structure, it'plays a vital role 
in relieving the significant amount of critical stresses from 
the top layer members of a composite structure. This finding 
differs with a claim of Bellamy[2] who states that it is not 
useful to include sheeting into the analysis if the 
individual contribution of the cladding is less than 20% of 
the overall stiffness of the structure. Consequently, the 
separate treatment of the skeletal frame and continuum can 
lead to a less accurate solution and relatively uneconomical 
design for a composite space structure. 
Third, that flexural stresses in plate elements increase with 
the increase of slab thickness of the composite structure 
which contradicts one of the' conclusions drawn by 
Al-Bazzaz[1]. 
And, fourth that results obtained from girder analogy method 
are, generally, the closest with those determined from 
stiffness method amongst the methods used. 
In this chapter, first of all the plate analogy solution for 
composite triple layer bridge grids is discussed, the 
associated equivalent plate stiffness relationships are 
derived and a criterion for the determination of an efficient 
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slab thickness of a composite double or triple layer grid is 
proposed (section 8.1). This is followed by a discussion on 
Grid-1 results first (section 8.2) and then on the behaviour 
of Grid-2 (section 8.3). Finally, a comparison of the two 
types of grids with respect to their behaviours is also made 
in section 8.4. 
8.1 PLATE ANALOGY & EQUIVALENT PLATE STIFFNESSES 
A discussion on the use of plate analogy solutions for 
various types of single and double layer grids has been 
carried out in chapter 2 (section 2.2.3). It was shown ,. 
that 
plate analogy solutions are available for space structures 
supported all around their boundaries. However, this is not 
the case for space 
-structures supported along 
the two 
opposite edges or on the four corners. For such structures, 
plate analogy solutions, are not readily applicable. 
Nevertheless, Timoshenko & Woinowsky-Krieger[49] derived 
solutions for deflected surfaces of isotropic plates having 
different boundary conditions and under the influence- of 
uniformly distributed loading. For this purpose, they 
invariably used both Navier and Levy types of. techniques. 
Figure 8.1.1b shows an isotropic plate of the size a by b 
simply supported along the two opposite edges. That is, 
edges at X=0 and X=a are considered to be simply supported 
and the other two edges are free or supported by elastic 
beams. Assuming that the load is uniformly distributed and 
that elastic beams are identical, the deflection surface will 
be symmetrical with respect, to the X axis. Assuming that 
supporting beams resist bending in vertical planes only and 
do not resist torsion, Timoshenko & Woinowski-Krieger showed 
that the deflection 'w' at a point (R, Y) of the plate can- be 
expressed as 
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11 qa4 co 4 1mTY 
w '112 ---- (- +A cosh _+ 55 m 
D 7r 131 a 
m=1,3,5 
M 7r Ymr. X 
B sink---)sin-- (8.1) m 
a a, a 
The constants Am and Bm of the above equation are given as 
4 }z(1+}i)sinha - 9(1-p)a cosha - mirX (2cosha +a sinha ) mmmmmm 
A= _--- m 
t5 cosh2 cc m5 (3+u)(1-u)sinhacosham (1-u 
2a+ 
2m r). )mm 
(8.2) 
4 }i(1-)i)sinha + micX cosha 
mm 
B= 
m 
7r 
5m (3+}u)(1-)i)sinho cosha - (1-p) 
2a+ 
2m7c). cosh 
2 
'If 
mmm '(8-3) 
where 
a= free span of the plate or length of the elastic beam 
b- length of a supported edge-or the width of the plate 
qa intensity of uniformly distributed loading " 
m 7C b 
2a 
EI 
aD 
EI= flexural rigidity of the elastic beam 
D= unit flexural stiffness of the plate, relationships of 
the equivalent plate for composite triple layer grids 
will be derived below 
= Poisson's ratio of the plate. 
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As the loading is uniformly distributed, the convergence of 
the above series is very rapid and for practical applications 
it is usual to take m=1, i. e. considering only the first 
term of the series for the solution. Substituting K=0 in 
mm equations 
8.2 and 8.3, the values of the constants A and B 
(Eqn 8.1) can be expressed for the case where two sides of 
the plate are simply supported and the other two are free. 
Relationships between moments and curvatures in an- isotropic 
plate have also been derived by Timoshenko ,& 
Woinsowski-Krieger[49]" These relationships are given in 
chapter 3 (Eqn 3.17). It follows that bending and torsional 
moments and shear forces per unit length of the plate can be 
obtained from the deflection expression 
(Eqn 8.1) through its 
successive differentiation. This leads to bending moments 
in 
the X-direction I 
4 -AY 7CY 7I Y 
2 
M= 7I qa 
2 [-- + (1-}u)A cosh- +B (--(1-}u)sinh--- 
x5mm 
Iaaa 
- 2}zcosh- )]sin 
(8.4) 
aa 
and in the Y-direction 
4u XY xy ÄY. . 
2 
My= qa 
2 [- 
5- (1-»)A cosh- -B (-(1 yi)sinh- mm 
aaa 
7(Y Ix 
+ 2cosh- )]sin-- (8.5) 
- a, a 
The above expressions are then used for the determination of 
forces and deflections in skeletal and composite triple layer 
grids assuming as isotropic plates supported on two opposite 
edges under the influence of uniformly distributed loading. 
For this purpose, the anisotropic behaviour of the structure 
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is neglected and relationships for the equivalent plate 
rigidities (D) are established below. - 
8.1.1 General Composite Triple Layer Grids 
An isolated section of a general composite triple layer grid 
having different size of members in the three layers is shown 
in Fig 8.1.2. The skeletal frame of the structure is 
considered to be made of square panels, where each dimension 
of a panel is 'P 
w 
I. Further, the isolated section has the 
following sectional properties: 
(1)The respective effective areas of individual skeletal 
members of the top, middle and bottom layers are 
denoted as 'A 'A ' and 'A '* 
st ' sm sb (2)The corresponding centroidal moments of inertia of the 
individual members are taken to be 'It', 'Icm, and 
'I 
cb 
' in the respective three layers. 
(3)The thickness of the top plate is considered to be as 
It ' and centroids of the plate and the top layer 
skeletal members are assumed to coincide with each 
other. 
(4)The height of the structure 'h' is taken as the centre 
to centre distance between the top and bottom layers. 
The middle layer is set at the mid height of the structure 
for practical reasons, however, the neutral plane may not lie 
at the same position. Consequently, - the position of 
the 
neutral plane should be known before equivalent plate 
rigidities can be determined. Following the procedure 
similar to section 7.1.2.1, the position of neutral plane is 
found as a distance 'Y 
b' 
from the centre of the bottom layer 
(Fig 8.1.2). However, an isolated section equal to a panel 
width is considered here compared with the full equivalent 
girder section in chapter 7. Consequently, 'Yb' for the 
equivalent plate section is expressed as 
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Y 
b 
h[E 
s 
(A 
st 
+1/2A 
am 
)+E 
ptppw] 
Es(Ast+ Asm+ Asb) +EPtp Pw 
where 
(8.6) 
E&E= Young's moduli of elasticity for skeletal 
sp 
members and top plate, respectively. 
Similarly, following the procedure for the determination of 
effective rigidities (EIx) of the equivalent girder in 
previous chapter (cf. section 7.1.2.1), the unit flexural 
stiffness 'D' of an equivalent plate for a general composite 
triple layer grid can be expressed as 
1 
D= --[E (I +I +I +A y2+A y2+A. y2)+ s ot cm cb st t sm m sb b 
P 
w )] (8.7) E(I+ Ptp 
t pop w 
where 
I= centroidal moments of inertia of the top plate 
cp 
Yt and Ym= the respective distances of the neutral plane 
from the centre of the top and middle layers 
(Fig 8.1.2), they can be found in a similar 
manner to as in section 7.1.2.1 (Eqn 7.11). 
Now, if the centres of the plate and top layer skeletal 
elements do not coincide with each other, then equations 8.6 
& 8.7 can be expressed as 
E(A + 1/2A )h +EPt (h+e) 
s st sm pwp Yb a (8.8) 
Es(Ast+ Asm+ Asb) +Eppwtp 
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1 
D=--[E(I +I+I+AY 
2+ 
AY 
2+ 
AY 
2) 
+ 
s ct cm cb st t sm m sb b 
P 
w E.. (I +pt (y +e)2(8.9) 
p cp wpt 
where 
e= the eccentric distance between the centres of plate 
elements and top layer skeletal joints. 
The above expressions (Eqns 8.7&9) can be used for the 
determination of equivalent plate stiffnesses for the plate 
analogy analysis of skeletal or composite multi (double or 
triple) layer grids having different size of members in the 
different layers. It follows that substituting these 
stiffnesses in equation 8.1, one can obtain the deflections 
at the selected points of the structure. 
Axial faces in longitudinal members of the three layers of 
the composite triple layer grid can be. obtained from equation 
7.26 to 7.28 (cf. section 7.1.2.5), by substituting the 
values of bending moments(M) 
x 
expressed in equation 8.4. 
Similarly, the stresses in the top plate can be determined 
from equation 7.25. However, the unit stiffness 'D' instead 
of EIx has to be used in. these equations. Furthermore, the 
forces and stresses in the lateral direction of the grid can 
be calculated substituting the values of bending moments 'M ' 
instead of 'M 
x 
in equations 7.25 to 7.28. Since the 
dominant forces are found to be in the longitudinal members, 
the emphasis is given to these forces. The diagonal member 
forces can also be determined from the plate analogy 
solution. 
8.1.2 General Skeletal Triple Layer Grids 
The position of, neutral axis and equivalent plate stiffnesses 
of a general skeletal triple layer grid can be expressed by 
eliminating the components relating to the continuum from the 
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equations of a general composite triple layer grid. That is, 
substituting t =0 into equations 8.6 and 8.7, general 
relationships for the position of neutral axis and the 
equivalent unit plate rigidities of a skeletal triple layer 
grid can be expressed as, 
h(Ast + 1/2Asm) 
Yb = (8.10) 
A+A+A 
st sm sb 
E 
D=-(I +I +I +A Y 
2+A 
Y2+A Y2) (8.11) 
ct cm cb st t sm m sb b 
P 
The above expressions can be further simplified for a 
skeletal triple layer grid, which has the same 
interconnection pattern in the top and bottom layers and the 
identical size of the members throughout. This leads to the 
equal rigidities above and below the middle layer. 
Therefore, the neutral axis will pass through the centre of 
middle layer. It follows that the middle layer members will 
not be considered to contribute to the equivalent plate 
stiffnesses. Consequently, the equivalent plate rigidity for 
such a structure can be expressed as, 
E 
D=s (2I + 1/2A h2) '(8.12) 
cs 
p 
w 
where, 
Ia The-centroidal moment of inertia of the 
c 
individual top and bottom layer members. 
A= The cross sectional area of the individual s 
top-and bottom layer members. 
Forces in longitudinal members of the top and bottom layers 
of the skeletal triple layer grid having identical members 
throughout can be expressed as, 
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MEh 
x8 
A (8.13) 
2D 
where, 
Pa= Axial force in a longitudinal member; the top 
and bottom layer forces have negative and 
positive signs for a sagging bending moment 
(Eqn 8.4), respectively. 
The member forces in the different layers of a general 
skeletal triple layer grid can also be determined using 
equations 7.26 to 7.28 (cf. section 7.1.2.5). For this 
purpose, the same procedure explained above for the composite 
triple layer grid can be used. Furthermore, the expression 
for the position of the neutral axis and the equivalent plate 
rigidity for a composite double layer grid can be deduced by 
eliminating the components concerning the middle layer from 
equations 8.6 and 8.7, respectively. Similarly, the above 
mentioned relationships for a general skeletal double layer 
grid can be derived from the equations 8.10 and 8.11. 
8.1.3 Efficient Continuum Thickness 
The concept of an efficient continuum thickness for a 
composite space structure was introduced in chapter 7 (cf. 
7.1.2.4) in accordance with the girder analogy method. 
Following the similar procedure, an efficient continuum 
thickness (t ) for an isolated section of a general e 
composite tripe layer grid based on the plate analogy can be 
derived. The properties of this grid are described above 
(section 8.1.1). 
As described earlier, considering the neutral axis is set 
along bottom fibers of the top continuum and applying the 
static equilibrium condition, a quadratic equation for the 
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general composite triple layer grid can be expressed as 
Eppwt 
pe 
2+ 
Es (A 
st 
+A 
sm 
+A 
sb 
)t 
pe -Es 
(A 
sm 
+ 2A 
sb 
)h =0 (8.14) 
Now, taking the case of identical size of members in the top 
and bottom layers of the structure, that is substituting 
AAA 
st sb s 
in equation 8.14 and simplifying, the efficient continuum 
thickness 't 
e' 
for such a composite triple layer grid can be 
expressed as 
-(2A +A)E +ý(2A +A )2E 
2+ 
4E PE h(2A +A) 
s sm ss sm spwsa sm t= (8.15) 
pa 
2E p 
pw 
The above equation can also be expressed for a composite 
double layer grid efficient section by eliminating the middle 
layer component (Asm). Furthermore, if there are no top 
layer skeletal members and only continuum is representing the 
top layer of the structure. Then the same expression can be 
obtained which is expressed by Al-Bazzaz for composite double 
layer grids as 
-A +ýA2+8NAh 
sss 
t= (8.16) 
pe 
2N 
where 
A= the cross-sectional area of a bottom layer s 
skeletal member 
Ep 
pw 
E 
S 
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8.2 GRID-1 WITH VARIOUS SLAB THICKNESSES 
A triple layer grid with various concrete slab thicknesses 
referred to as Grid-1 is analysed with the first four methods 
described in Table 8.0.1. The basic loading considered in 
all the solution cases considered is 1kN/m2 uniformly 
distributed throughout the structure supported along the two 
short edges. Details of the skeletal frame and slab 
thicknesses considered are also mentioned above (section 
8.0). 
Results obtained from the analysis of the structure with 
different slab thicknesses are presented graphically as in 
tables and figures. Values of various parameters of the 
structure with each slab thickness achieved from standard 
stiffness method are taken as the basis for comparison with 
those obtained from the other three methods. Therefore, the 
values of each parameter computed from the four methods at 
different positions of the structure are presented in tables 
for various slab thicknesses. Further, ratios of each 
parameter's values obtained from the other three methods to 
the corresponding exact value are reported in tables. The 
position of a node or a member represented by a point (X, Y) 
in Fig 8.1.1a, is recorded in each table as 'X/L ' and 'Y/L 
X' 
ratios: 'L 
y' 
and 'L 
x' 
are the span and width of the 
structure, respectively. 
The objective of this section is not only to discuss the 
comparison of results obtained from different methods but 
also to show the efficacy of the continuum on the behaviour 
of space structures. Therefore, the output of the skeletal 
triple layer grid is used as the basis for results of the 
composite space structure with various slab thicknesses. 
This is evident from the curves presented for various 
parameters, which are drawn for maximum values of each 
parameter for all the slab thicknesses considered. Each 
figure shows two or more curves obtained from stiffness 
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method and the other method/a. 
Results of Grid-i obtained from the four methods reveal the 
three points: First, results determined from girder analogy 
method are generally the closest with the corresponding 
stiffness method solutions as compared to the other methods. 
Second, results obtained from stiffness method have a better 
agreement with those predicted by equivalent energy method 
than with plate analogy 
, 
outputs. And, third deflections and 
stresses are in general found to decrease with the increase 
of slab thickness. The compressive forces being critical 
normally in the top layer of the structure are found to 
decrease more rapidly than any other parameter with the 
increase of slab thickness. And, the rate of decrease of 
these forces is significantly more than that of the increase 
in the overall stiffness of the structure. 
Above points are discussed for different parameters, e. g. 
deflections, axial forces, etc., below in separate 
subsections. Furthermore, effects of varying slab thickness 
of the structure on outputs obtained from stiffness method 
are studied. However, the facts regarding the behaviour of 
the structure discussed earlier (chapters 5-7) are not taken 
in details here. 
8.2.1 Deflections 
Deflections at various points of the skeletal triple layer 
grid are reported in Table 8.2.1. Similarly, deflections of 
the composite triple layer grids are presented in Tables 
8.2.1.1-5. Since EE method can only be used for composite 
space structures, only first three methods mentioned in Table 
8.0.1 are employed for the skeletal triple layer grid 
analysis. Figure 8.2.1 shows a comparison of maximum 
deflections, obtained from the three or four methods, in the 
structure with various slab thicknesses. 
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The following points emerge from the study of above mentioned 
figure and tables: 
(1)Deflections are found to decrease with the increase of 
slab thickness of the structure. Although deflection 
curves shown in Fig 8.2.1 indicate a slower change for 
relatively thicker slabs, yet deflections are found to 
be inversely proportional to the overall stiffness of 
the structure. 
(2)The stiffness method predictions for deflections are, 
generally, in better agreement with those of girder 
analogy than the other two methods (cf. Tables 8.2.1 & 
8.2.1.1-5). Further, deflections obtained from 
stiffness method have a closer resemblance with those 
determined from equivalent energy method compared with 
corresponding plate analogy's results. 
(3)The agreement of girder analogy and stiffness methods 
deflections slightly decreases with the increase of 
slab thickness of the structure. However, the opposite 
is true for the agreement of plate analogy and 
stiffness methods results. For instance, maximum 
differences in deflections of the skeletal triple layer 
grid obtained from girder analogy and plate analogy 
when compared with corresponding values achieved from 
stiffness method are -2% and 15%, respectively. The 
respective differences are found to be -6% and 11% for 
the structure when a 200mm thick slab is considered. 
(The minus sign indicates that stiffness method results 
are larger than the others. ) This can be attributed to 
the dominance of plate like behaviour for relatively 
thicker slabs. 
(4)Deflections obtained from equivalent energy method are 
larger than standard stiffness method's. Further, 
difference between two types of results, generally, 
increases slightly with the increase of slab thickness 
of the structure. For instance, the maximum difference 
between the two types of deflections is 5% in the 
structure with a slab thickness of 50mm as against 7% 
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when the thickness of slab is increased to 200mm. This 
can be attributed to the assumptions of pinned and 
rigid member end conditions in equivalent energy and 
stiffness methods, respectively. The bending stiffness 
of equivalent skeletal sub-frames for mathematical 
representation of shell elements are considered 
negligible. However, this stiffness is quite 
considerable for relatively thicker continuum elements. 
(5)The accuracy of the girder analogy can be assessed from 
the range of differences between deflections obtained 
from the three methods and the stiffness methods. The 
respective ranges of differences in predicting 
deflections by the girder analogy, plate analogy and 
equivalent energy methods compared with the exact ones 
are -1 to -6%, 7 to 16% and 4 to 7% (cf. Tables 8.2.1 
& 8.2.1.1-5). 
8.2.2 Axial Forces 
Member axial forces at various positions of Grid-1 with 
different slab thicknesses are reported in Tables 8.2.2 & 
8.2.2.1-5. As described above (section 8.2.1), the first 
three or four methods are used to obtain axial forces in 
skeletal or composite triple layer grids supported on two 
short edges for Ud loading. Figures 8.2.2a-c show the 
comparison of maximum axial forces in the top, middle and 
bottom layers of the structure with all the slab thicknesses 
considered (0-200mm). These figures not only indicate a 
general decrease in axial forces in the top and bottom layers 
with the increase of slab thickness but also a comparison of 
results obtained from the methods used for the analysis. 
The following points emerge from the study of axial forces: 
(1)Axial forces in members of the top and bottom layers 
decrease with the increase of slab thickness of the 
structure. However, the opposite is true for the 
middle layer forces (cf. Fig 8.2.2a-c). The rate of 
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decrease in top layer axial forces is more rapid than 
the increase in the overall stiffness of the structure. 
This decrease rate is significantly faster than that of 
the decrease in bottom layer forces and that of the 
increase in middle layer forces. In fact, the rate of 
decrease in bottom layer forces is considerably less 
than that of the increase in the overall stiffness of 
the structure. As described earlier (section 6.4), 
this distribution of axial forces is due to the upward 
movement of the neutral plane together with the 
increase in slab thickness of the structure. 
(2)Axial forces in different components of Grid-1 obtained 
from girder analogy are, generally, in better agreement 
with those determined from stiffness method when 
compared with the other two methods results. This is 
particularly true for the case of relatively thinner 
slabs. Further, the exact forces are more consistent 
and closer with those obtained from equivalent energy 
method compared with those predicted by plate analogy. 
This is true with the exception of top layer forces 
where plate analogy results, generally, show slightly 
better agreement with the exact ones (cf. Tables 
8.2.2.1-5). 
(3)The agreement of stiffness method for axial forces in 
the top layer with the other three methods appears to 
decrease with the increase in slab thickness of the 
structure. One possible reason is relatively small 
amount of these forces in the structure with thicker 
slabs which show the larger percentage differences with 
each other. 
(4)Axial forces obtained from the equivalent energy method 
are generally larger than the corresponding exact 
forces. Difference in the two types of forces is due 
to the reason mentioned in section 8.2.1 (para 
(4)). 
Further, this difference for top layer forces obtained 
from the two methods appears significant due to 
relatively small forces in the structure with thicker 
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slabs. 
(5)The respective ranges of differences are -16 to 6%, 
-28 to 21% and -5 to 37% between axial forces obtained 
from the girder analogy, plate analogy and equivalent 
energy methods, and the corresponding exact forces in 
the structure for 50mm or thicker slabs. (The minus 
sign indicates that the exact forces are larger than 
the others. ) However, if top layer forces (being 
considerably small'in the structure with thicker slabs) 
are not included in the comparison, the above ranges 
become -4 to 6%, 2 to 21% and -5 to 6% (cf. Tables 
8.2.2.1-5). It follows that both the results obtained 
from girder analogy and equivalent energy methods are 
reasonably consistent and agreed with the stiffness 
method results. 
8.2.3 Principal Stresses 
Principal stresses at the top of the concrete slab panels at 
various positions of the Grid-1 are reported in Table 
8.2.3.1-5. These stresses are obtained for the cases of 
various slab thicknesses by using: stiffness method, girder 
analogy and plate analogy (Table 8.0.1). Further, Fig 8.2.3 
shows an overall comparison of the maximum principal 
stresses, at the top of each concrete slab considered, 
obtained from the three methods. The following points emerge 
from the study of principal stresses: 
(1)Principal stresses decrease with the increase of slab 
thickness of the structure. The rate of decrease of 
principal stresses is considerably faster for the cases 
of up to 100mm thick slabs. This rate is more 
pronounced than the increase in the overall stiffness 
of the structure. This can be attributed to the upward 
movement of the neutral plane with the increase in slab 
thickness. However, the decreasing rate of principal 
stresses becomes steady and the curves show flatter 
trends for the case of slabs thicker than 100mm 
(cf. 
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Fig 8.2.3). The steady behaviour is due to the 
increasing flexural stresses with the increase in slab 
thickness whilst the membranal stresses decrease. For 
the case of 200mm thick slab, the flexural stresses are 
found to be larger than the membranal stresses. 
(2)The exact principal stresses are in closer agreement 
with those predicted by girder analogy than with plate 
analogy's. For instance, the girder analogy and plate 
analogy results show the difference of -9 to 3% and -15 
to 5.5%, respectively, when compared with those 
obtained from the stiffness method. (The minus sign 
indicates that the exact stresses are larger than the 
others. ) 
(3)The agreement of principal stresses obtained from plate 
analogy and stiffness method generally gets better as 
the slab becomes thicker. On the contrary, the 
agreement of girder analogy and stiffness method for 
principal stresses normally decreases with the 
increasing slab thickness. For instance, principal 
stresses obtained from the girder analogy and plate 
analogy methods have the differences of -5 to 3% and 
-15 to -1%, respectively, compared with the 
corresponding exact stresses for a 50mm thick slab. 
The respective differences become -9 to 2% and -10 to 
5.5% when the slab thickness of the structure is 
increased to 200mm. As noted above (section 8.2.1), 
this can be attributed to the increasing plate like 
behaviour with the increasing contribution of the slab 
to the overall stiffness of the structure. 
Nevertheless, the girder analogy results have 
relatively better agreement with those obtained from 
stiffness method. 
8.2.4 Membranal Stresses 
Since equivalent energy method does not include bending 
stiffness in the mathematical representation of the shell 
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element, therefore membranal stresses can be determined by 
dividing forces in the equivalent skeletal members with the 
corresponding continuum thickness. Consequently, membranal 
stresses at the top of concrete slab panels at various 
positions of Grid-1, obtained from the stiffness and 
equivalent energy method are reported in Tables 8.2.4.1-5. 
Data in tables also include centroidal positions of shell 
elements as a ratio 'R': 'R' is determined as the ratio of 
centroidal distance of a shell element 'X' and the span of 
the structure as shown in Fig 8.1.1a. Further, Fig. 8.2.4 
shows resulting curves of the two types of maximum membranal 
stresses for different slab thicknesses of the structure. 
The following points emerge from the study of membranal 
stresses: 
(1)Membranal stresses are found to decrease with the 
increase of the slab thickness of the structure. The 
rate of decrease in the membranal stresses is 
significantly faster than that of the increase in the 
overall stiffness of the structure. However, for the 
case of the thicker slabs this rate of decrease in 
stresses becomes less pronounced which is obvious from 
the curves shown in Fig 8.2.4. This can be attributed 
to the upward movement of the neutral plane of the 
structure. 
(2)The agreement between membranal stresses obtained from 
equivalent energy and stiffness methods gets better 
with the increase in the slab thickness of the 
structure. For instance, for the case of a 50mm thick 
slab this agreement is good to within 16% as against to 
within 4% when slab thickness of the structure is 
increased to 200mm. 
8.2.5 Summary and Conclusions 
It has been shown above that results predicted by girder 
analogy method shows the best agreement with those obtained 
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from the standard stiffness method as compared with the other 
methods. This is also true for structures with thicker slabs 
even though the agreement decreases sightly with the increase 
of slab thickness. Although the difference between results 
obtained from plate analogy and stiffness method decreases 
with the increase of slab thickness, yet plate analogy 
results are not as good as those of the girder analogy. 
Further, in some cases plate analogy results are not up to 
acceptable standards. 
Equivalent energy method fails to predict top layer forces 
correctly and the difference of these forces with the 
corresponding exact forces is quite considerable. However, 
this method shows quite reasonable stresses in the other 
components and nodal deflections. One possible reason for 
slightly larger forces and deflections predicted by 
equivalent energy method than those of stiffness method is 
the assumption of different member end conditions. The 
pinned and rigid end conditions are taken for equivalent 
energy and stiffness method, respectively. Furthermore, 
bending stiffnesses of the equivalent skeletal members 
representing shell elements are neglected in the former 
method. The value of Poisson's ratio is also a minor source 
of error for this method. Recalling that the mathematical 
representation of shell elements is only possible with a 
Poisson's ratio of 1/3 (section 2.2.2). 
Fig 8.2.5 shows curves of various parameters which illustrate 
an overall behaviour of Grid-1 with the change in slab 
thickness. Each curve is drawn as a percentage ratio of the 
maximum value of a parameter for each slab thickness to the 
absolute maximum value of that parameter in the structure. 
The absolute maximum values are maximum values in the 
skeletal triple layer grid for deflections, and forces in the 
top and bottom layers. There are no middle layer forces or 
principal stresses in the skeletal triple layer grid. 
Therefore, the maximum values in the composite triple layer 
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grid with 5 and 150mm thick slabs are taken as the 
corresponding absolute values for principal stresses and 
middle layer forces, respectively. Incidently, the values of 
different parameters are obtained from the stiffness method 
due to its reliability and accuracy. 
These curves clearly show the significance and importance of 
continuum on the behaviour of a composite structure. Top 
layer axial forces, which are critical being of compressive 
type under the normal circumstances for a skeletal space 
structure, are found to decrease at a much faster rate than 
that of the increase in the overall stiffness of the 
structure. Recalling that deflections in a structure are 
inversely proportional to its stiffness (cf. sections 
6.4&8.2.1), the amount of contribution of the stiffness from 
each increment in slab thickness is evident form the decrease 
in deflections. For instance, deflections and top layer 
axial forces in the structure with a 5mm thick slab are found 
to decrease by 15% and 25%, respectively compared with the 
corresponding values in the skeletal triple layer grid. 
Similarly, this decrease in deflections and top layer forces 
in the structure with a 200mm thick slab is 55% and 93%, 
respectively. 
The middle layer forces increase with the increase of slab 
thicknesses up to 150mm. The rate of increase in forces is 
sharp up to a slab thickness of 50mm. As noted above 
(section 8.2.2), the change in forces in different components 
of the structure is due to the shift in the neutral plane 
position together with the variation in the overall stiffness 
of the structure. As a result of upward movement of the 
neutral plane, the top layer forces decrease at a much 
sharper rate than increase in the overall stiffness of the 
structure. However, the top and middle layers forces show 
flatter and steady curves for the case of relatively thicker 
slabs. This can be attributed to the decreasing contribution 
of top layer skeletal and continuum elements to the overall 
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stiffness of the structure as the neutral plane approaches 
near the bottom fibers of the slab. 
Addition of continuum to the skeletal triple layer grid, 
however, activates middle layer members to contribute to the 
overall stiffness of the structure. Otherwise, these members 
are taken to provide lateral stability by connecting the top 
and bottom diagonals of the structure, Bunni & Makowski[4]- 
Sometimes the middle layer being at relatively larger 
distance from the neutral plane contributes more to the 
overall stiffness of the composite structure than that of the 
top layer. 
With the increase in thickness of the slab, the rate of 
decrease of bottom layer forces is considerably less than 
that of the decrease in deflections of the structure. The 
slow rate of the decrease in these forces can be attributed 
to faster increase in distance between the bottom layer and 
neutral plane than that of the increase in overall rigidity 
of the structure. Further, due to the same reason of the 
neutral plane position, the rate of decrease in principal 
stresses is faster than that of deflections but slower than 
the top layer forces with the increase in overall stiffness 
of the structure. The relatively slower rate of decrease in 
principal stresses is due to the increasing contribution of 
flexural stresses in them as the slab becomes thicker. 
In conclusion, it can be noted that the consideration of 
continuum elements as an integral part not only relieves the 
stresses quite considerably from the critical components of 
the structure but also decreases deflections. It is evident 
from the above discussion that the rate of decrease in the 
top layer forces is more rapid than that of deflections. 
Even addition of a 5mm thick concrete slab to the skeletal 
triple layer grid causes to reduce top layer forces by 25% 
while its individual contribution to the overall stiffness of 
the structure is only 15%. It should be noted that the 
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flexural rigidity of a 5mm thick concrete slab is equivalent 
to the only 0.33mm thick steel sheeting. Similarly, a 25mm 
thick concrete slab (equivalent to 1.6mm thick steel 
sheeting) helps in decreasing deflections and top layer 
forces in the structure in comparison with those of skeletal 
frame alone by more than 36% ann 61%, respectively. 
The above mentioned significant role of the continuum 
contradicts with a claim of Bellamy[2] who states that if the 
sheeting does not carry 20% of the total applied loading at 
its own, then there is a little point in including its 
effects in the analysis of the structure. It appears that 
Bellamy cannot anticipate the important role of the neutral 
plane who takes higher position with the consideration of 
continuum as the integral part of the structure. However, 
the suggestion of Deakin[12] seems to be quite reasonable to 
include a continuum in the mathematical model when the 
contribution of plate elements towards the rigidity of the 
overall structure exceeds 10% of the total stiffness. This 
follows that the steel sheeting even thinner than 0.33mm for 
the size of structure considered can contribute towards 
relieving the critical stresses. 
Figure 8.2.5 also signifies the importance of the efficient 
thickness of the slab, which is 180.16mm for the structure 
under consideration. All the parameters show the flatter and 
steady behaviour when the efficient section is used. It 
follows that a continuum thickness beyond the efficient 
section does not help in increasing overall stiffness of the 
structure considerably. As a result, forces and deflections 
of the structure with such slabs no longer decrease 
significantly. Further increase in the slab thickness of the 
structure even may cause to decrease the total stiffness of 
the structure. 
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8.3 GRID-2 WITH VARIOUS SLAB THICKNESSES 
The behaviour of the composite triple layer grid with its top 
layer skeletal members completely replaced by continuum 
elements is discussed in this section. The so called Grid-2 
is analysed with all the five methods described above (Table 
8.0.1) with slab thicknesses ranging from 5 to 200mm. The 
basic loading applied in all the solution cases is 1kN/m 
2 
uniformly distributed throughout the top surface of the 
structure. Supports are provided along the two short edges 
of the bottom layer of the structure (Fig 8.1. la). Details 
of the skeletal frame and size of the various components have 
already been described in the introduction of this chapter. 
Results in tables and figures are presented in a manner 
similar to the previous section. However, the maximum value 
predicted by spring analogy method for each slab thickness is 
given as a note at the bottom of each table. Further, the 
figures which have the four types of curves in the previous 
section now show five types of results including the output 
of spring analogy method. 
The five important points can be noted from the results of 
Grid-2 obtained from the different methods: First, 
predictions of girder analogy for various parameters of the 
structure are the closest and most consistent with the 
corresponding solutions obtained from stiffness (exact) 
method amongst the methods used. Second, exact predictions 
for different parameters are, generally, in better agreement 
with those of equivalent energy method than with plate 
analogy results. This is true for the structure with slab 
thicknesses larger than 50mm. However, the opposite is true 
for the continuum thicknesses smaller than 50mm, where plate 
analogy shows relatively better results. Third, deflections, 
bottom layer forces and principal stresses in continuum 
elements are found to decrease with the increase of overall 
stiffness of the structure. Fourth, results obtained from 
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spring analogy are misleading and hence, they are normally 
not acceptable for slabs thinner than 100mm. As a matter of 
fact, spring analogy shows almost the constant deflections 
and skeletal member forces irrespective of change in the 
overall rigidity of the structure. And, fifth membranal 
stresses are found to decrease with the increase of slab 
thicknesses as against flexural stresses which show in the 
mean time an increasing trend. 
The above five points are discussed for different parameters 
in separate subsections below. Finally, the efficacy of 
continuum thickness on the behaviour of Grid-2 is also 
briefly discussed. 
8.3.1 Deflections 
Deflections at various positions of the structure with 
different slab thicknesses, predicted by the first four 
methods, are reported in Tables 8.3.1.1-5. Maximum 
deflections obtained from each of the two stages of the 
spring analogy method are also shown at the bottom of each 
table. Further, maximum deflections for all the slab 
thicknesses considered (5-200mm), determined from all the 
five methods including spring analogy, are plotted as curves, 
Fig 8.3.1. 
The following points emerge from the comparison of 
deflections: 
(1)Deflections are predicted to decrease with the increase 
of the overall stiffness of the structure by all the 
methods considered with the exception of spring analogy 
method (cf. Fig 8.3.1). 
(2)The stiffness method predictions for deflections are, 
generally, in better agreement with those of girder 
analogy than the other three methods. This is true 
even though this agreement slightly decreases with the 
increase of slab thicknesses of the structure (cf. 
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Tables 8.3.1.1-5). 
(3)The exact deflections are generally in closer agreement 
with those obtained from the equivalent energy method 
compared with those predicted by plate analogy. This 
is true for the structure with slabs thicker than 50mm. 
However, the opposite is correct for plate analogy, who 
predicts relatively better deflections for thinner 
slabs (cf. Fig 8.3.1). The agreement between 
solutions of equivalent energy and stiffness methods 
gets closer to each other up to 150m thick slabs. This 
is also correct for the plate analogy, whose results 
generally show an improvement with the increase in slab 
thickness but at a relatively less rate. 
(4)The much higher deflections predicted by equivalent 
energy method are due to the lack of bending 
stiffnesses for the cases of relatively thinner slabs 
of the structure. Due to the same reasons, deflections 
predicted by this method are more than the exact ones 
even though the agreement of the two is reasonably good 
to within 7.6% for relatively thicker slabs (cf. 
Tables 8.3.1.1-5). 
(5)The spring analogy predicts almost the same deflections 
irrespective of the change in the thickness of slab. 
Figure 8.3.1 illustrates that this method can only be 
considered reliable for the structure with relatively 
thicker slabs. For instance, for a 25mm thick slab 
deflections obtained from spring analogy are 40% less 
than the exact deflections. However, the difference 
reduces to 6% when the structure has a 200mm thick 
slab. It should be noted here that the skeletal frame 
solution (spring analogy) is only possible when the 
structure is considered to be supported only 
vertically. Otherwise, with the provision of lateral 
supports also, the treatment of the skeletal frame 
results into an ill conditioned system of equations. 
Consequently, the solution of these equations leads to 
totally misleading and unacceptable results. 
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(6)The respective ranges of percentage differences are 
-2 to 5.7,4 to 11,5 to 33 and -6 to -72 in the 
predictions for deflections of girder analogy, plate 
analogy, equivalent energy and spring analogy, and the 
exact deflections. (The minus sign indicates that 
exact values are larger than the others. ) However, 
neglecting the comparison of slabs thinner than 50mm, 
the ranges of differences become -3.5 to 5.7%, 6 to 
11%, 5 to 7.6% and -6 to -25% for the four methods in 
the same order as mentioned above. This implies that 
results of all the methods with the exception of spring 
analogy are reasonably accurate for the practical sized 
slabs. Girder analogy predicts closer deflections to 
the exact ones compared with the other three 
approximate methods. 
8.3.2 Axial Forces 
Member axial forces at various position of Grid-2 with 
different slab thickness are reported in Tables 8.3.2.1-5. 
The first four methods mentioned in Table 8.0.1 are used to 
obtain the axial forces in the middle and bottom layer 
members of the structure. The treatment of the skeletal part 
of the composite structure by applying spring analogy does 
not involve continuum elements. Therefore, only single 
spring analogy analysis for the skeletal part is performed 
irrespective of change in the slab thickness. The maximum 
force in the middle and bottom layers obtained from this 
analysis are shown in the tables. Further, Figs 8.3.2a-b 
show a comparison of maximum axial forces in the middle and 
bottom layers of the structure with all the slab thickness 
involved in the study. 
The following points emerge from the study of the above 
mentioned figures and tables: 
(1)Bottom layer forces predicted by the first four methods 
are found to decrease with the increase of the overall 
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rigidity of the structure whilst the middle layer 
forces increase. However, spring analogy shows 
constant forces in the top and the bottom layers 
irrespective of the change in the continuum thickness 
(cf. Tables 8.3.2.1-5 and Fig 8.3.2a-b). 
(2)The change in axial forces is not proportional to the 
change in the overall rigidity of the structure. The 
axial force in a member mainly depends upon its 
position with respect to the neutral plane. However, 
the change in the structural stiffness is a secondary 
factor for the force. Therefore, compressive forces 
are induced in the middle layer members for the 10mm or 
less thick slabs (cf. Fig 8.3.2a). This signifies 
that the neutral plane of the structure for such a case 
lies below the middle layer. 
(3)Girder analogy predictions for both the middle and 
bottom layer forces amongst the methods used have the 
best and most consistent agreement with those obtained 
from stiffness (exact) method (cf. Figs 8.3.2a-b and 
Tables 8.3.2.1-5). 
(4)Exact member forces in the structure with slabs thicker 
than 50mm are in better agreement with those predicted 
by equivalent energy method than plate analogy ones. 
(5)Spring analogy predicts the constant forces in the 
middle and bottom layers irrespective of the change in 
the slab thickness. The forces show some agreement 
with the corresponding exact forces in the structure 
when relatively thicker slabs are used 
(cf. Figs 
8.3.2a-b). The reasons for this unreliable spring 
analogy solutions are discussed in the case of 
deflections (section 8.3.1, para(5)). 
(6)The respective ranges of percentage differences are -12 
to 6, -92 to 32, -52 to 95 and -30 to 206 for the 
forces determined from girder analogy, plate analogy, 
equivalent energy and spring analogy methods compared 
with the corresponding exact forces. Since concrete 
slabs thinner than 50mm are practically unimportant. 
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Therefore, neglecting these slabs from the comparison, 
the above respective ranges of differences for the 
prediction of forces by the four methods become -7 to 
6%, -1 to 24%, -11 to 6.5% and -3 to 37%. This implies 
that girder analogy predictions for forces have closer 
agreement with the exact forces compared with the other 
three methods. 
8.3.3 Principal Stresses 
Principal stresses at top surfaces of various slabs are 
reported in Tables 8.3.3.1-5 by using: stiffness method, 
girder analogy and plate analogy (Table 8.0.1). Further, the 
maximum principal stresses predicted by these methods for all 
the slabs are shown as curves in Fig 8.3.3. The following 
points emerge from the comparison of the principal stresses: 
(1)Principal stresses decrease with the increase of the 
slab thickness of the structure. The rate of decrease 
is faster than that of change in the overall stiffness 
of the structure up to 100mm thick slabs. This can be 
attributed mainly to the upward movement of the neutral 
plane together with the increase of the overall 
stiffness of the structure. 
(2)Beyond the 100mm thick slab, curves shown in Fig 8.3.3 
illustrate a little change in the principal stresses of 
the structure. One possible reason for this small 
change is the increase of flexural stresses with the 
increase of the continuum thickness. Flexural and 
membranal stresses are both the components of principal 
stresses. 
(3)For relatively thinner slabs, membranal stresses are 
the dominant part of the principal stresses. Membranal 
stresses decrease at a faster rate than the increase in 
the overall stiffness of the structure. However, 
flexural stresses increases with the increase of the 
slab thickness (Fig 8.3.6). For instance, for a 200mm 
thick slab which is more than the efficient size, the 
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flexural stresses are larger than the membranal 
stresses. Nevertheless, flexural stresses are much 
smaller for relatively thinner slabs. 
(4)Exact principal stresses are in better agreement with 
the corresponding predictions of girder analogy than 
those of plate analogy (cf. Tables 8.3.3.1-5 and Fig 
8.3.3). However, plate analogy results improve with 
the increase of slab thickness. This is due to the 
dominance of plate like behaviour of the composite 
structures with relatively thicker slabs. 
Nevertheless, the girder analogy predictions are still 
better than those of plate analogy even when the 
structure has relatively thicker slabs. For instance, 
principal stresses predicted by girder analogy have a 
discrepancy range of -8 to 3% with exact ones compared 
with -18 to 4% of plate analogy's. 
8.3.4 i4embranal Stresses 
Membranal stresses at top surface of slabs of the structure 
are obtained from equivalent energy and stiffness methods. 
These two types of membranal stresses together with their 
percentage ratios with each other are recorded in Tables 
8.3.4.1-5 for various slab thicknesses. The same method is 
used to determine membranal stresses from equivalent energy 
method which is discussed in section 8.2.4. Figure 8.3.4 
shows the maximum membranal stresses predicted by the two 
methods for all the slab thicknesses of the structure 
considered (5-200mm). 
The following points emerge from the study of membranal 
stresses: 
(1)Membranal stresses decrease at a much sharper rate than 
the increase in the overall stiffness of the structure. 
This is mainly due to the upward movement of the 
neutral plane of the structure with the increasing 
thickness of the top slab. Further, the increase in 
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the overall rigidity of the structure is the secondary 
contributing factor. 
(2)Membranal stresses can also be calculated from the 
spring analogy for the structure with concrete slabs 
thicker than 50mm" These can be determined assuming 
that the total continuum forces are equal and opposite 
in sign to the bottom layer forces. However, this 
method is valid for the structures which have only 
plate elements in the top layers. This follows that 
one can determine membranal stresses by dividing bottom 
layer forces with the continuum thickness. 
(3)The agreement of the membranal stresses predicted by 
equivalent energy and stiffness method becomes better 
with the increase of the slab thickness of the 
structure (cf. Tables 8.3.4.1-5 and Fig 8.3.4). The 
range of discrepancies between the two methods is -7 to 
-1%. (The minus sign indicates exact values are larger 
than the others. ) 
8.3.5 Flexural Stresses 
The second stage of spring analogy method of analysis 
predicts only flexural stresses in the plate. This is due to 
the separate analysis of the top continuum which is 
reinforced by spring stiffnesses obtained from the analysis 
of skeletal frame of the composite structure. These flexural 
stresses together with those predicted by the stiffness 
method are reported in Tables 8.3.5.1-5 in a manner similar 
to that of membranal stresses. Similarly, Fig 8.3.5 shows 
the curves of the maximum values of the two type of flexural 
stresses in each of the slabs considered. 
The following points are noted from the study of flexural 
stresses: 
(1)Plate flexural stresses are directly proportional to 
the rigidity of the continuum when it acts as the 
integral part of the composite structure (cf. Fig 
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8.3.5). This observation contradicts with one of the 
conclusions drawn by Al-Bazzaz[1]. He claims that both 
the membranal and flexural stresses decrease with the 
increase of the slab thickness of the structure. 
(2)The agreement of flexural stresses predicted by spring 
analogy and stiffness method is generally good with 
each other. Further, this agreement improves with the 
increase in slab thickness of the structure. The range 
of discrepancies between the two types of flexural 
stresses is -25 to -7% for slabs thicker than or equal 
to 50mm. 
8.3.6 Summary and Conclusions 
Similar to the case of Grid-1, girder analogy results have 
the best agreement with those obtained from stiffness method 
compared with the other methods. This follows that girder 
analogy can deal the structure with different size of members 
in the various layers as efficiently as the identical size of 
members throughout. Equivalent energy method predicts better 
results than plate analogy with the exception of relatively 
thinner slabs. The reasons of slightly larger predictions by 
equivalent energy method for deflections and member forces 
compared with the exact ones are already explained in section 
8.2.5. 
Plate analogy solutions are better for Grid-2 than for 
Grid-1. Further, the agreement of plate analogy results with 
exact solutions becomes better with the increase of slab 
thickness of the structure. This can be attributed to 
relatively larger increase in contribution of the continuum 
towards the overall rigidity of the structure. As a result, 
the plate like behaviour is more obvious in this structure 
than that of Grid-1. 
Spring analogy results are not good for the structures with 
concrete slabs thinner than 100=. In other words, results 
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of this method are misleading for the structures which have 
excessive deflections (>50mm). This method predicts almost 
the constant deflections and forces irrespective of the size 
of the continuum provided to the structure. This is due to 
the assumption of allowing only vertical displacements and 
restraining lateral movements of the top layer joints for the 
skeletal frame analysis. Therefore, an ill conditioned 
system of equations is developed as a result of this 
assumption when normal supports including lateral restraints 
are considered. The solution of this system of equations 
yields totally misleading and unacceptable results for the 
structure compared with predictions of the other methods. 
However, the reasonable results (to some extent) are only 
possible when the structure is analysed without any lateral 
restraints as supports for the case of relatively thicker 
slabs. 
The main advantage of spring analogy method claimed by 
Al-Bazzaz[1] is that this method uses relatively less amount 
of computer time and memory. Further, this method enables 
one to take a finer mesh for the continuum treatment alone. 
However, a minimum two number of analyses for the skeletal 
frame and the plate are to be performed using spring analogy. 
Therefore, the claim of reduction in the computer time and 
memory does not appear to be relevant for this method. 
In a manner similar to section 8.2.5, a general behvaiour of 
various parameters of Grid-2 are studied by varying thickness 
of its slab, Fig 8.3.6. However, the absolute maximum values 
for all the parameters shown in Fig 8.3.6 are in the case of 
a 5mm thick slab with the exception of flexural stresses. 
Since flexural stresses increase with the increase of slab 
thickness of the structure, therefore the absolute maximum 
flexural stress is found in case of the 200mm thick slab. 
Values of all the parameters of Grid-2 decrease with the 
increase in overall stiffness of the structure with the 
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exception of middle layer forces and flexural stresses in 
slabs. The rate of change in values of these parameters 
depends upon the overall rigidity alone or also on the 
position of the neutral plane of the structure. This change 
in values of these parameters is similar to the way discussed 
in section 8.2.5 for Grid-1. However, the rate of change of 
different parameter values appears to be more than that of 
Grid-1. This is due to the overall stiffness of the 
structure with 5mm thick slab in this case is less than that 
of Grid-1 without any slab, i. e. skeletal triple layer grid. 
The significance of the continuum is more obvious in Grid-2 
than in Grid-1. This is particularly true for relatively 
thinner slabs. Further, the steady and relatively flatter 
trends of curves for the thicker slabs signify the importance 
of the efficient thickness of the continuum for the composite 
structure. This follows that the neutral plane position 
higher than the bottom fibers of the continuum does not help 
in significant reduction of forces and deflections. 
Figure 8.3.6 also shows that flexural stresses increase with 
the increase of continuum thickness of the structure. This 
follows that the increase in flexural stresses is found to be 
directly proportional to increase in the rigidity of the 
slab. This behaviour of flexural stresses contradicts with 
one of the conclusions drawn by Al-Bazzaz[1]. He claims that 
both flexural and membranal stresses decrease with the 
increase of slab thickness of the composite structure. 
8.4 COMPARISON OF GRID-1 & GRID-2 
It is shown that forces in the top layer skeletal members of 
Grid-1 are considerably small when relatively thicker slabs 
are used (section 8.2.2). This leads to the complete 
elimination of these members in the case of Grid-2 (section 
8.3). In this section a comparison of the two types of 
structures is made for various slab thicknesses. For this 
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purpose, various parameters of the two structures obtained 
from stiffness method are studied. 
It is noted that the behvaiour of Grid-2 is as good as that 
of Grid-1 for the cases of relatively thicker slabs. 
Resulting deflections, member forces and continuum stresses 
in the two structures for the slabs thicker than 100mm have 
minor differences with each other (cf. Fig 8.4.1-3). 
The deflection curves of the two structures shows an 
excellent agreement with each other for slabs thicker than 
50mm. Further, this agreement becomes better with the 
increase of slab thickness of the structures (Fig 8.4.1)" 
However, the fact remains that deflections are inversely 
proportional to the overall stiffnesses in both the 
structures. This follows that the two structures have almost 
the same rigidity for the thicker slabs despite the fact that 
one has top layer skeletal members and the other hasn't. 
This can be attributed to the upward movement of the neutral 
planes of the structures. As the neutral plane shifts 
upwards with the increase of slab thickness, the contribution 
of top layer skeletal members in the overall stiffness of 
Grid-1 decreases. Consequently, only continuum elements 
among the top layer components contribute significantly 
towards the total rigidity of the structure for the cases of 
thicker slabs. As a result of this, deflections in both 
Grid-1&2 are almost of the same order for relatively thicker 
slabs. The maximum difference in the two types of 
deflections is 14% with each other for the case of 25mm thick 
slabs as against to less than 1% when the 150mm thick slabs 
are provided for the two structures. Incidentally, Grid-2 
having relatively less rigidity yields larger deflections. 
The change in the neutral plane position with the increase of 
slab thicknsses is even more significant for skeletal member 
forces and plate element stresses than for deflections. 
Figure 8.4.2a shows that the middle layer forces are 
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compressive in Grid-2 for 5&10mm thick slabs as against to 
tensile forces in the corresponding members of Grid-1. This 
indicates that the neutral plane of Grid-2 lies below the 
middle layer for these slabs. However, the neutral plane 
takes higher position than the middle layer with the increase 
of slab thickness. As a result, the middle layer forces of 
Grid-2 are only 6% smaller than those of Grid-1 for the case 
of 50mm thick slabs. Further, the agreement of two types of 
forces becomes better with the increase of slab thicknesses. 
The agreement of bottom layer forces of the two structures is 
even better than the middle layer forces (cf. Fig 8.4.2a&b). 
For instance, the bottom layer forces of Grid-2 are only 2% 
larger than corresponding forces in Grid-1 for the case of 
25mm thick slabs. Further, these forces of the two 
structures are almost the same to within less than 0.5% 
for 
relatively thicker slabs. The close agreement of the 
two 
types of forces for the case of thinner slabs is due 
to 
relatively smaller distance between the neutral plane and the 
bottom layer in the case of Grid-2. This small lever arm 
distance for the bottom layer does not allow considerably 
larger forces even though Grid-2 has significantly less 
overall rigidity than that of Grid-1 for the case of thinner 
slabs. For the case of thicker slabs, the reason for the 
closer agreement of the two types of forces in the bottom 
layers is that the top layer skeletal members contribute 
significantly less towards the overall rigidity of Grid-1. 
As a result, both the position of the neutral planes and the 
overall rigidities of the two types of structures are almost 
the same for the case of relatively thicker slabs. 
Figure 8.4.3 shows principal stresses of the two types of 
structures for various slab thicknesses. In a manner similar 
to the forces, the agreement in two types of principal 
stresses becomes better with the increase of slab thicknesses 
of the structures. Further, the decrease in principal 
stresses in the two structures depends upon both the movement 
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of the neutral planes and increase in the overall stiffnesses 
of the structures with the increase of slab thicknesses. 
The above discussion clearly shows that the removal of top 
layer skeletal elements does not considerably effect the 
behaviour of the composite structures with relatively thicker 
slabs. Therefore, top layer skeletal members can be replaced 
by the continua for composite space structures without any 
significant decline in their performances. As a result of 
this, an efficient design for those structures can be 
achieved where the top layer skeletal members are not to be 
provided for the practical reasons. However, the provision 
of top layer steel members in the case of composite triple 
layer bridge grids can save a considerable cost of the 
formwork. This formwork may, otherwise, be required for the 
casting of concrete slab. Further, the relatively smaller 
size of top layer members can be used efficiently for these 
structures. 
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TABLE 8.2.4.1 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(lkN/sq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB= 50.0mm 
X=RsSPAN MAX IEFBRANAL STRESSCkNisq m) FRON THE % DIFFERENCE REMARKS 
R STIFFNESS fETHODC I) EE METHOD (2) C1 . 0-C 2 ), C 1) )s100 
0.2059 -1123.1750 -1000.9966 10.88 TOP PLATE 
0.2617 -1238.0496 -1033.6941 16.51 TOP PLATE 
0.3235 -1469.6882 -1294.1582 11.91 TOP PLATE 
0.3821 -1516.8323 -1366.7871 9.89 TOP PLATE 
0.1112 -1622.6355 -1109.6685 13.12 TOP PLATE 
0.5000 -1732.8494 -1520.6016 12.25 TOP PLATE 
TABLE 8.2.4.2 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(lkNisq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=100. Omm 
X=RWSPAN MAX, t1EIBRANAL STRESS(kN/sq m) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS rETH00(1) EE METHOD (2) <1 "0'C 2 )iý 1) ) 100 
0.2059 -633.3854 -584.1665 7.77 TOP PLATE 
0.2647 -688.5024 -657.2598 4.54 TOP PLATE 
0.3235 -823.0330 -752.2417 8.60 TOP PLATE 
0.3821 -842.7345 -797.5094 5.37 TOP PLATE 
0.4412 -904.0167 -817.0671 9.62 TOP PLATE 
0.5000 -979.0620 -893.8533 8.70 TOP PLATE 
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TABLE 8.2.4.3 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(1kN/sq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=150. Omm 
X=R*SPAN MAX fE1BRANAL STRESS(kN/sq m) FROM THE c DIFFERENCE REMARKS 
R STIFFNESS FETHOD(1) EE METHOD (2) (1.0-C2)'( 1))s100 
0.2059 -137.1455 -112.7950 5.61 TOP PLATE 
0.2647 -172.5857 -464.1915 1.71 TOP PLATE 
0.3235 -566.1023 -530.5660 6.33 TOP PLATE 
0.3821 -578.4746 -563.4977 2.59 TOP PLATE 
0.4412 -619.8745 -575.6719 7.13 TOP PLATE 
0.5000 -676.4761 -633.6133 6.34 TOP PLATE 
TABLE 8.2.4.4 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(IkN/sq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=200. Omm 
XsR*SPAN MAX MEtBRANAL STRESS(kNisq m) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS METHOD(1) EE METHOD (2) ))0100 
0.2059 -329.2193 -319.2378 3.03 TOP PLATE 
0.2647 -351.3621 -359.2296 -1.37 TOP PLATE 
0.3235 -425.3232 -? 09.6623 3.64 TOP PLATE 
0.3824 -134.0119 -435.7175 -0.40 TOP PLATE 
0.4412 -463.0119 -444.4627 4.01 TOP PLATE 
0.5000 -509.0433 -190.8555 3.57 TOP PLATE 
TABLE 8.2.4.5 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(1kNisq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=180.2mm 
XaR*SPAN MAX MEn8RANAL STRESS(kNisq m) FRON THE < DIFFERENCE REMARKS 
R STIFFNESS rETHOO(I) EE METHOD (2) C1"e-C2)iC1)>ý100 
0.2059 -366.0393 -350.7831 4.17 TOP PLATE 
0.2647 -391.5137 -376.2002 1.61 TOP PLATE 
0.3235 -173.2582 -150.5343 1.80 TOP PLATE 
0.3824 -483.0575 -159.7699 4.82 TOP PLATE 
0.1112 -516.8536 -191.5367 1.90 TOP PLATE 
0.5000 -566.0336 -539.0150 4.77 TOP PLATE 
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FIG 8.2.5 COMPARISON OF THE MAX VALUES OF VARIOUS PARAMETERS IN COMPOSITE 
TRIPLE LAYER GRIDS WITH VARIABLE THICKNESSES OF SLAB 
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TABLE 8.3.4.1 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(lkN/sq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB= 50.0mm 
X=R+CSPAN MAX MEMBRANAL STRESS(kN/sq m) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS METHOD(I) EE METHOD (2) Ci . 0-(2)/(l )) 100 
0.2059 -1395.9963 -1319.7571 3.31 TOP PLATE 
0.2647 -1520.2126 -1386.4780 8.80 TOP PLATE 
0.3235 -1811.2163 -1712.5217 3.79 TOP PLATE 
0.3821 -1855.2311 -1821.8938 1.80 TOP PLATE 
0.1112 -1986.9307 -1896.3157 1.56 TOP PLATE 
0.5000 -2127.1157 -2020.7856 5.00 TOP PLATE 
TABLE 8.3.4.2 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(lkNisq m) 
SPAN'WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=100.0mm 
X=RWSPAN MAX tEMBRANAL STRESS(kNisq m) FRON THE DIFFERENCE REMARKS 
R STIFFNESS METHOD(1) EE METHOD (2) X1 . 0-C ))w 
100 
0.2059 -715.9864 -688.8075 3.80 
TOP PLATE 
0.2647 -770.7653 -703.5602 8.72 
TOP PLATE 
0.3235 -922.9797 -886.0544 4.00 
TOP PLATE 
0.3824 -940.4337 -868.9858 7.60 
TOP PLATE 
0.4412 -1001.8093 -961.5826 4.02 TOP PLATE 
0.5000 -1094.8979 -1048.2029 4.26 
TOP PLATE 
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TABLE 8.3.4.3 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(1kNisq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=150. Omm 
X=RWSPAN MAX MEIBRANAL STRESSCkNisq m) FROM THE DIFFERENCE REMARKS 
R STIFFNESS FETHODCI) EE METHOD (2) C1.0'C2)iC1))M100 
0.2059 -178.0330 -462.6058 3.23 TOP PLATE 
0.2617 -511.9751 -171.1217 7.92 TOP PLATE 
0.3235 -611.1761 -591.0739 3.32 TOP PLATE 
0.3821 -625.2570 -581.3182 7.03 TOP PLATE 
0.1112 -668.9915 -614.1515 3.71 TOP PLATE 
0.5000 -730.8140 -707.8527 3.11 TOP PLATE 
TABLE 8.3.4.4 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(lkN/sq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=200. Omm 
X=R*SPAN MAX 11EMBRANAL STRESS(kN/sq m) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS t1ETHOD(1) EE. t1ETHOD (2) <1" e"_ 2)/Cl ))M 100 
0.2059 -353.0196 -349.2893 1.34 
TOP PLATE 
0.2647 -377.3372 -354.4764 6.06 
TOP PLATE 
0.3235 -453.4355 -446.8319 1.46 TOP PLATE 
0.3824 -461.3425 -436.7272 5.34 
TOP PLATE 
0.4412 -492.7718 -184.2968 1.72 TOP PLATE 
0.5000 -540.7811 -334.3855 1.18 TOP PLATE 
TABLE 8.3.4.5 
MEMBRANAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(1kNisq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=185.7mm 
X=RMSPAN MAX IEfBRANAL STRESS(kNisq m) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS METHOD(1) EE METHOD (2) (1.0-(2)/(1))11100 
0.2059 -379.3142 -374.8237 1.18 
TOP PLATE 
0.2647 -405.1344 -381.5979 5.91 TOP PLATE 
0.3235 -488.7975 -480.9882 1.60 
TOP PLATE 
0.3824 -496.2565 -491.4190 0.97 TOP PLATE 
0.4412 -531.9652 -521.3669 1.99 
TOP PLATE 
0.5000 -581.8909 -574.7375 1.74 
TOP PLATE 
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TABLE 8.3.5.1 
FLEXURAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRID UNDER UDL(1kN/sq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB= 50.0mm 
X=RWSPAN MAX BENDING STRESS(kN/sq m) FROM THE ;c DIFFERENCE REMARKS 
R STIFFNESS nETHOD(1) SA METHOD (2) (1.0-C2)i(1)WOO 
0.2059 -135.2107 -103.1266 23.75 TOP PLATE 
0.2647 -153.4063 -119.9795 21.79 TOP PLATE 
0.3235 -175.6491 -132.5911 21.51 TOP PLATE 
0.3824 -182.8429 -111.6073 22.55 TOP PLATE 
0.4412 -197.1222 -116.2571 25.80 TOP PLATE 
0.5000 -193.2050 -147.1981 23.81 TOP PLATE 
TABLE 8.3.5.2 
FLEXURAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(1kN/sq m) 
SPAN'WIOTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=100. Omm 
X=R*SPAN MAX BENDING STRESS(kN/sq m) FRON THE k DIFFERENCE REMARKS 
R STIFFNESS METHOD(1) SA METHOD (2) C 1.0-C 2 )iC 1) ) 100 
0.2059 -233.8209 -198.1441 15.26 TOP PLATE 
0.2647 -272.2292 -233.6732 14.16 TOP PLATE 
0.3235 -302.6555 -260.1316 14.05 TOP PLATE 
0.3824 -322.9802 -278.2657 13.84 TOP PLATE 
0.4412 -340.2578 -288.5638 15.19 TOP PLATE 
0.5000 -338.5518 -291.7571 13.82 TOP PLATE 
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TABLE 8.3.5.3 
FLEXURAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(IkN/sq m) 
SPAN/WIDTH=3.1 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=150.0mm 
X-RISPAN 11AX FLEXURAL STRESS(kNisq m) FROM THE DIFFERENCE REMARKS 
R STIFFNESS METHOD(1) SA METHOD (2) (1 . 0-(2)/(1) )s100 
0.2059 -331.8371 -288.9513 12.92 TOP PLATE 
0.2617 -395.9302 -312.3958 11.28 TOP PLATE 
0.3235 -127.3206 -383.0401 10.36 TOP PLATE 
0.3821 -459.4065 -111.1680 10.13 TOP PLATE 
0.4412 -178.5179 -128.1127 10.53 TOP PLATE 
0.5000 -179.8631 -133.5721 9.65 TOP PLATE 
TABLE 8.3.5.4 
FLEXURAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UOL( 1kN/sq m) 
SPAN/WIDTH=3.4 SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=200.0mm 
X=RMSPAN MAX FLEXURAL STRESS(kNisq m) FROM THE X DIFFERENCE REMARKS 
R STIFFNESS IETH00(1) SA METHOD (2) (1.0-(2)i(t))*100 
, 0.2059 -423.1860 -374.7459 11.45 
TOP PLATE 
0.2647 -491.5341 -444.6581 9.51 TOP PLATE 
0.3235 -544.7679 -498.7246 8.45 TOP PLATE 
0.3824 -586.5598 -536.9305 8.46 TOP PLATE 
0.4412 -607.8077 -559.6067 7.93 TOP PLATE 
0.5000 -611.5713 -567.0880 7.27 TOP PLATE 
TABLE 8.3.5.5 
FLEXURAL STRESSES IN THE COMPOSITE TRIPLE LAYER GRIDS UNDER UDL(1kN/sq m) 
SPAN/WIDTH=3. i SPAN/DEPTH=25.0 SPAN=28.90m THICKNESS OF SLAB=185.7mm 
XmRWSPAN MAX FLEXURAL STRESS(kNisq m) FROM THE % DIFFERENCE REMARKS 
R STIFFNESS tETHOD(1) SA METHOD (2) (1.0-(2)/C1))M100 
0.2059 -398.1558 -350.6319 11.91 TOP PLATE 
0.2647 -162.3952 -416.2743 9.97 TOP PLATE 
0.3233 -512.2740 -166.6234 8.91 TOP PLATE 
0.3824 -551.4948 -502.1231 8.95 TOP PLATE 
0.4412 -572.0785 -523.1139 8.55 TOP PLATE 
0.5000 -575.2289 -530.0616 7.85 TOP PLATE 
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CHAPTER 9 
CONCLUSIONS 
9.0 INTRODUCTION 
Structural behaviour of composite triple layer bridge grids has 
been investigated both theoretically and experimentally. 
Triple layer grids mainly transmit externally applied loads as 
axial forces. The dominance of axial forces in the top and 
bottom layer longitudinal members is analogous to stresses in 
flanges of a built-up plate girder. This analogous behaviour 
is also evident from almost uniform distributions of nodal 
deflections and the dominant forces at a section across- the 
long span of the composite triple layer bridge grid. 
Consequently, a new analytical method referred to as girder 
analogy has been developed (chapter 7). A number of structures 
with various span/width and span/depth ratios were analysed 
using girder'analogy and stiffness method. The comparison of 
the two types 'of results shows a close agreement of the two 
methods. 
The behaviour of composite space structures is investigated by 
developing and using a program based on standard stiffness 
method. For this purpose, both the skeletal and thin 
rectangular shell elements having six degrees of nodal freedom 
are employed. To assess the validity of the assumptions 
employed in the analysis a series of tests were performed on a 
model of a triple layer grid made of brass tube members 
initially. Subsequently, another series of experiments were 
carried out by reinforcing the model with an aluminium sheet 
added to the top skeletal layer. The experimental observations 
are generally in good agreement with theoretical predictions. 
The tests confirmed the greater rigidity of composite triple 
layer bridge grids over the corresponding skeletal ones. Also, 
that linear analysis is sufficient for calculations of such 
structures. 
This chapter contains the conclusions of the present work and 
suggestions to extend it in 'further research. The first 
section concludes the comparison of theoretical and 
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experimental work together with salient features of the 
behaviour of composite triple layer bridge grids (section 9.1). 
The second section concludes the use of girder analogy and the 
comparison of results obtained from this method and some other 
methods (section 9.2). Some suggestions are also made in each 
section for further investigations. 
9.1 BEHAVIOUR OF COMPOSITE TRIPLE LAYER BRIDGE GRIDS 
9.1.1 Experimental Work 
The experimental investigations on both the skeletal and 
composite models supported on four corners and under various 
loading conditions confirmed the predictions of stiffness 
method of analysis. The two types of results are generally in 
good agreement with each other. The agreement is particularly 
good between the experimental and theoretical deflections, and 
member axial forces. However, the agreement is not good for 
the two types of principal stresses and strains in the top 
sheet due to its initial imperfections and lack of 
straightness. 
The rigidity of skeletal space structures is well known. The 
tests confirmed even greater rigidity of composite triple layer 
bridge grids compared with the comparable skeletal ones. It 
follows that the assumption of linear analysis is sufficient 
and valid for the solution of these structures. Further, the 
assumption of inserting fictitious set of stiffness 
coefficients corresponding to in-plane rotations (A 
z) 
in the 
shell element stiffness matrix makes no apparent difference for 
the analysis of flat composite triple layer grids. 
Due to relatively large overall stiffness, nodal deflections 
and member forces in the composite model is considerably 
smaller than those. in the skeletal model. This is true with 
the exception of the middle layer, where member forces in the 
composite model are relatively larger. The change in forces in 
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different components can be attributed to relatively upward 
position of the neutral plane together with the increase in 
overall stiffness of the structure. Due to the upward neutral 
plane position, the top layer forces in the composite model 
have decreased considerably in comparison with those in the 
skeletal one whilst the decrease in bottom layer forces is not 
significant. 
Axial forces in both the skeletal and composite models are 
significantly larger than the other types of forces. 
Longitudinal members, particularly those in the top and bottom 
layers, have to resist considerably larger forces than the 
other members of the structure. Similarly, the top plate 
stresses are dominant in the longitudinal direction. Also, the 
distribution of forces and stresses at any section across the 
long span of the structure is almost uniform. This behaviour 
of the stresses is analogous to stresses in a built-up plate 
girder. 
In conclusion, it is noted that the behaviour of space 
structures improves significantly with the consideration of top 
sheeting as the integral component. Therefore, the separate 
treatment of the skeletal frame and continuum may be a less 
accurate solution for such a structure. 
9.1.2 Theoretical Work 
Some of the conclusions drawn from the steady of skeletal and 
composite triple layer grids (with various span/width ratios 
but with a constant span/depth ratio) supported on four corners 
and under the uniformly distributed and two point midspan 
concentrated loading are as follows: 
(1)Deflections increase with the increase in span/width 
ratio of the structure. The rate of increase in 
deflections is more pronounced in case of the uniformly 
distributed loading compared with the concentrated one. 
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(2)Axial forces increase gradually with the increase of 
span/width ratio of the structure under the uniformly 
distributed loading. However, this is not the case for 
the concentrated type of loading, where axial forces 
remain almost the constant with the change in span/width 
ratio. This can be attributed to the constant applied 
loading in the latter case and increasing rigidity of the 
structure due to the constant span/depth ratio. 
(3)The distribution of principal stresses for the two types 
of loading varies in a manner similar to axial forces. 
Furthermore, a composite triple layer bridge grid is 
investigated for a fixed span/width ratio but by varying 
span/width ratios under a combined uniformly distributed and 
concentrated type of loading. Some of the important 
conclusions are: 
(4)Deflections and stresses in various components of the 
structure increase with the increase in span/depth 
ratios. 
(5)The one-way plate like behaviour appears to be relatively 
more dominant in the shallow composite triple layer 
bridge grids (where span/depth ratio>40) than analogous 
to a plate girder. The opposite is true for relatively 
deeper structures. 
Finally, the study of a practical sized composite triple layer 
bridge grid with various slab thicknesses showed the following 
important conclusions: 
(6)Deflections are found to decrease with the increase of 
slab thickness of the structure. It follows that 
deflections are inversely proportional to the overall 
stiffness of the structure. 
(7)Axial forces in top and bottom layer members decrease 
with the increase of slab thickness of the structure. 
However, the opposite is true for the middle layer 
forces. 
(8)The rate of decrease in top layer forces is much sharper 
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than the increase in the overall stiffness of the 
structure. This decrease rate is significantly faster 
than that of the decrease in bottom layer forces and that 
of the increase in middle layer forces. This 
distribution of forces is due to upward movement of the 
neutral plane together with the increase in slab 
thickness of the structure. 
(9)The continuum addition to a skeletal triple layer grid, 
however, activates middle layer members to contribute to 
the overall rigidity of the structure. Otherwise, these 
members just provide lateral stability in the case of a 
skeletal structure by connecting the top and bottom 
layers through the top and bottom diagonals. 
(10)Principal stresses in continuum elements decrease at a 
much rate than that of increase in the overall stiffness 
of the structure up to 100mm thick slabs. Beyond the 
100mm thick slab, there is a steady decrease in principal 
stresses. One possible reason for this small change is 
the increase in the flexural stresses component with the 
. 
increase of the continuum thickness. 
(11)The relief in critical stresses in the top layer is 
considerably more than the contribution of a continuum 
towards the overall stiffness of the structure under the 
normal conditions. Therefore, even though the 
contribution of the top sheeting or continuum is small, 
it is useful to include it as an integral component of 
the structure in the analysis. 
(12)For relatively thinner slabs, membranal stresses are the 
dominant part of principal stresses in plate elements of 
a composite, space structure. However, flexural stresses 
increase with the increase of the slab thickness. 
Consequently, flexural stresses become larger than 
membranal stresses for a 200mm thick slab of the 
structure. 
(13)The rate of change in values of all the parameters with, 
the exception of flexural stresses becomes steady when 
the neutral plane of the structure moves closer to bottom 
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fibers of the slab. This signifies the importance of the 
efficient continuum thickness in a composite space 
structure. It follows that a slab thicker than efficient 
one does not help in reducing deflections and stresses 
from the structure usefully. Therefore, a criterion is 
presented on the basis of girder analogy to determine the 
efficient continuum thickness. 
(14)There is no significant difference in the behaviour of a 
composite triple layer grids with or without top layer 
skeletal members for the case of relatively thicker 
slabs. However, the provision of relatively smaller 
skeletal top layer members for composite triple layer 
bridge grids can save a considerable cost of the formwork 
required for the casting of insitu concrete slabs. 
The above advantages of composite triple layer bridge grids 
clearly proves that these structures are more rigid and have 
more uniform stress distributions than the comparable skeletal 
ones. Therefore these structures can be used to carry 
relatively heavy loading and/or to cover larger spans. 
9.1.3 Further Investigations 
Listed below are some suggestions for further research into the 
behaviour of composite multiple layer grids: 
(i)The similar investigations can be carried out providing 
a micro concrete thin slab instead of a metallic sheet 
used in the present work for the representation of the 
top deck of a composite triple layer bridge grid. 
(ii)A similar experimental investigations as that undertaken 
for the folded-end tubes in this work should be performed 
for clearly defined fixed and pin-ended members of 
various slenderness ratios. The joints can be designed 
such that the efficacies of member eccentricities can be 
assessed accurately in both the horizontal and vertical 
planes of a structure. 
(iii)A considerable economy can be achieved by reducing sizes 
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of the members with significantly less forces in a 
composite triple layer grid. Therefore, an investigation 
with smaller cross-sections in the lateral and the 
diagonal bracing members will be of a great interest. 
(iv)The study of collapse behaviour of composite triple 
bridge grids may also lead to achieve further economical 
design of such structures. 
9.2 APPROXIMATE ANALYSIS OF COMPOSITE SPACE STRUCTURES 
9.2.1 Present Study 
The girder analogy method is proposed for the analysis of 
composite double and/or triple layer grids supported along the 
short edges or on the four corners. This method is 
considerably simpler than the stiffness method both in terms of 
mathematical complexity and in terms of saving in computer 
memory and time. Using this method the quick assessment of 
forces and deflections at the selected points of these highly 
redundant structures can also be determined conveniently by 
hand-calculations. 
The procedure for the girder analogy method involves the 
following steps: 
(a)Assuming a flat double or triple layer grid supported 
along the two edges or on the four corners as an 
equivalent built-up plate girder, the moments can be 
obtained from simple two-dimensional bending theory. 
(b)The neutral axis position with respect to the bottom 
layer of the equivalent plate girder section is computed 
from equation 7.10. This position is related to the 
other components, of the structure by equation 7.11. 
(c)The effective flexural rigidity is obtained from equation 
7.14. This is a general equation which can be used for 
skeletal and composite double or triple layer grids 
having different size of members in different layers 
(cf. 
section 7.1.2). 
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(d)For the economical use of the composite structure, the 
top slab thickness should be kept less than or equal to 
the efficient continuum thickness. This can be obtained 
from equation 7.24. 
(e)Using the above flexural rigidity, stresses in any 
component at a section of the structure can be determined 
from equation 7.25. 
(f)Axial forces in any skeletal member at a section can be 
obtained simply multiplying the above stress by the 
corresponding cross-sectional area (Eqns 7.26-28). 
(g)Deflections at any section of the structure is determined 
from equation 7.33 and 7.41 for uniformly distributed and 
midspan concentrated types of loading, respectively. The 
results can be superimposed for a combination of the two 
types of loading. 
Since the basic procedure of the girder analogy method is 
considerably simple. Therefore, moments and hence, deflections 
and forces in composite space structures can be determined 
conveniently for the case of any combination of loading. 
The efficiency and accuracy of girder analogy is evident from 
the good agreement of results obtained from this method and the 
stiffness method for a number of span/width and span/depth 
ratios of skeletal and composite triple layer bridge grids. 
This agreement of the two types of results increases with each 
other as the span/width and span/depth ratios of structures are 
increased. Moreover, the two types of results show relatively 
better consistency with each other for the uniformly 
distributed loading. It should be noted, however, that the two 
types of results are reasonably close even for the concentrated 
loading. This is not true for some of the available 
approximate methods. These methods are either not applicable 
for the concentrated loading or show considerably large 
discrepancies compared with the exact method. (For example, 
spring analogy is not applicable and slab analogy predicts 
unacceptable results for the concentrated loading. ) 
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A composite triple layer grids with various slab thicknesses is 
analysed by using girder analogy and some known approximate 
methods (chapter 8). These known methods include equivalent 
energy method, plate analogy and spring analogy. Equivalent 
energy method is implemented by developing a program 
considering pin-ended members and representing shell elements 
as equivalent skeletal members. The relationships for the 
determination of equivalent plate rigidities for composite 
double and triple layer grids are established for the plate 
analogy solution. The two stage technique of spring analogy is 
incorporated in the general purpose analysis program. The 
results of stiffness method are used as a basis of the 
comparison for the above methods. 
The analysis of composite triple layer bridge grids with the 
above five methods confirmed the accuracy and efficiency of 
girder analogy over the other approximate methods. This is 
evident from generally the closest and most consistent 
agreement 'between results obtained from girder' analogy and 
stiffness method. Keeping in view relatively large requirement 
of computer memory" and time for the other methods, this 
agreement between the predictions of girder analogy and 
stiffness method is particularly gratifying. 
Equivalent energy method fails to predict the top layer forces 
correctly. The difference of these forces with the 
corresponding exact forces is considerable. However, this 
method yields quite reasonable forces in the other components 
and nodal deflections in the structure. The results of 
stiffness method have generally better agreement with those of 
this method compared with plate analogy ones. 
The difference between results obtained from plate analogy and 
stiffness method decreases with the increase of slab thickness 
of the structure. This can be attributed to the increasing 
plate like behaviour of the composite structure with the 
increase of slab contribution in the overall rigidity of the 
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structure. However, even for relatively thicker slabs plate 
analogy results are not as good as those of girder analogy or 
equivalent energy have. Nevertheless, the plate analogy can be 
used with hand-calculations like girder analogy whilst a 
computer is pre-requisite 'for equivalent energy and spring 
analogy methods. 
Spring analogy can only be applied for those composite space 
structures, where the top skeletal layers are replaced by the 
moderate size of slabs. For composite triple layer bridge 
grids with slabs thinner than 100mm, spring analogy results are 
generally inaccurate and misleading compared with the other 
methods. This method predicts almost the constant deflections 
and the same axial forces in a composite space structure 
irrespective of the continuum size. However, the other methods 
predict a considerable variation in member forces and 
deflections with the change in slab thickness of the structure. 
9.2.2 Further Investigations 
The girder analogy method presented in this work can and need 
to be extended in many directions concerning the analysis of 
skeletal and composite space structures. Some of these 
suggestions are listed below: 
First, girder analogy method can be checked for double and 
triple layer grids for different configurations and under 
various loading conditions such as openings in the structure. 
Also, the efficacy of the use of different cross-sections in 
the same layer of a multiple layer grid is required to be 
explored on the accuracy of the method. 
Second, the method should be extended for the analysis of 
double or multiple span bridge grids. This can be carried out 
by considering a concrete slab in the bottom layer at each 
interior support of the bridge for the negative bending moment 
range. 
Third, the possibility of extending this method for the 
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analysis of single and double layer barrel vaults supported 
along the vault spans can be anticipated. 
And, fourth the extension of girder analogy in accordance with 
plastic bending theory can be explored. 
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APPENDIX A 
The general analysis computer program, based on the stiffness 
method of analysis, was developed in chapter 3. The major 
steps involved in the algorithm of the program, according to 
the flow chart shown in Fig 3.5.1, are described below: 
(1)Create and verify basic data 
Formex algebra and associated high level computer software 
Formian is extensively used (section 3.5.1)" Formian not 
only enables the user to produce interconnection pattern and 
geometry of the structure but also provides graphical vision. 
The graphical verification of the structure, before the 
actual analysis, is proved useful in saving a lot of computer 
effort by providing a check for missing members, distorted 
geometry, or other errors. It follows that input data can be 
amended easily at this stage and any error in the information 
to be supplied can also be corrected. 
(2)Input basic data 
The informations are generally arranged in a data file, which 
are transferred automatically to the computer during the 
execution of the program through the open and read file 
statements. Subroutine INPUT reads the following 
informations from the input data file: 
(a)The preliminary data which would include the number of 
joints, the number of each of the skeletal and continuum 
elements, number of loaded nodes, Young's modulus, 
Poisson's ratio and type of structure -- plane frame(1), 
grillage(2), etc. 
(b)The nodal coordinates of each joint in structure axes 
are listed against the joint number. Joint numbers are 
used for computer handling in preference to the 
letters(i, j) which are designated earlier in chapter'3 
to illustrate the concept of stiffness method. Nodal 
coordinates are stored in the three one-dimensional 
arrays. 
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(c)The member details require the numbers of joints which 
each member have, i. e. 2 for a skeletal and 4 for a 
rectangular plate element. First, the connectivity of the 
skeletal members (if any) is stored in a one-dimensional 
array and then the topology of the continuum elements (if 
any) is posted at the appropriate locations in the same 
array. 
(d)The geometric properties of the members is listed and 
stored in a one-dimensional array. It frequently happens 
that many members in a structure have the same 
cross-sectional properties and the program is facilitated 
to obtain properties of such members just by one 
instruction. 
(e)If some or all of the members have eccentricities either 
in the horizontal or in the vertical plane or even in both 
the planes (which can be indicated by a number at top of 
this list, a zero number will pass control to the next 
operation in the computer), then the eccentricities are 
required to be input in the groups of members which have 
the same values. The eccentricities are stored in two 
one-dimensional-arrays., - 
(f)Details of loading is listed and stored in a appended 
vector P of equation 3.1. 
(g)Restraint data lists the details of supports - whether 
they are encastre, pinned, roller, etc. 
(3)Development of the primary stiffness matrix 
Development of primary stiffness matrix K (equation 3.1) is 
performed in the -subroutine ASSM, which involves the 
following major operations: - - 
(a)Initialisation of the stiffness matrix 
The terms of the'matrix K, in a' two-dimensional rectangular 
array, are all set to zero according to the total number of 
degrees of 'freedom of the structure and size of the 
half-bandwidth. The procedure to determine half-bandwidth is 
explained in section 3.5.2. 
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(b)Construct element stiffness matrices 
The element stiffness matrices are constructed according to 
the type of structure involves. The control is directed 
automatically to that portion of the subroutine which deals 
with the particular structure earlier assigned in the 
subroutine INPUT. This description will be limited to the 
composite space structures. However, the procedure adopted 
for-the -other structures is the same except in the contents 
and size of the element stiffness matrices. First, all the 
skeletal members are taken in turn and then shell elements 
are dealt with in, succession. 
(i)Element stiffness matrix for a skeletal member 
The element stiffness matrix K (Eqn 3.3) and transformation 
e 
matrix T (Eqn 3.5) are initialised to zero in two separate 
two-dimensional arrays of the same size of 12X12. Each 
member is taken in turn. The joint numbers at each end, 
together with the joint coordinates are used to calculate the 
member's length and to set up the transformation matrix. K e 
is set up in local coordinates and is converted to structure 
axes, i. e. K', by carrying out the multiplication TTKeT by 
calling a subroutine TRANSF. 
If the member has eccentricity in any of the plane, the 
eccentricity matrix of the size equal to the member stiffness 
matrix is generated and the operation of equation 3.28 is 
performed again by subroutine TRANSF. 
As soon as the above operations are completed, the 
coefficients of element stiffness matrix are posted into the 
relevant°positions of the stiffness matrix K (Eqn 3.1). A 
subroutine ELASS carries out this job by decomposing the 
member stiffness matrix and storing its diagonal and upper 
diagonal elements into the appropriate positions. 
(ii)Element stiffness matrix for a shell element 
Similar to the skeletal members, each continuum element is 
taken one by one. As described earlier, both the membranal 
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and plate bending actions are involved in the stiffness 
matrix of shell elements. 
Dealing first with the plane stress part of the element, the 
matrix A (8X8) of equation 3.8 is generated by using the 
values of local nodal coordinates of the element. Matrix A 
is then inversed by using a subroutine INVERS. 
fBTDBaV 
(equation 3.14) is given in explicit form and temporarily 
stored in the same array in which skeletal member stiffness 
matrix is kept but occupying a space of 8X8. Then K is 
ep 
formulated by carrying out the remaininig multiplication 
operation of equation 3.14 by calling a subroutine TRANIT. 
The Ke is stored in an auxiliary two-dimensional array 
(24X24 while the member stiffness matrix due to plate 
bending action (Keb) is formulated according to the procedure 
explained in section 3.2.2. Nevertheless, matrix A and 
JJ'BTDBdXdY 
are stored in the same two-dimensional arrays 
which have been used for the in-plane action of the element 
but with the sizes of 12X12 for the out of plane action. The 
inverse of matrix A is obtained by subroutine INVERS and then 
subroutine TRANIT performs the remaining operations required 
to formulate matrix Keb (equation 3.21). This 12X12 element 
bending stiffness matrix is posted in the auxiliary 2-D array 
(24X24) below the coefficients of the K which are covering 
ep 
the top 8X8 locations of the array. The coefficients of K 
eb 
occupy positions in the row number 9 to 20 of the temporary 
array. 
A subroutine ROTATE arranges the coefficient in the auxiliary 
array, which . have both membranal and flexural actions, 
according to the equation 3.26. This is done by placing the 
stiffness coefficients according to the nodal degrees of 
freedom of a shell element. The problem of non-existence of 
sixth degree of freedom, i. e. 9, is handled according to 
the technique explained in section 3.3. At this stage, the 
element stiffness matrix of shell is according to the local 
coordinate system. - For the present investigation the member 
stiffness matrix of the shell is not required to be 
transformed to the structural coordinates, because the 
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continuum elements are flat. Nevertheless, for general 
purpose the member stiffness matrix is transformed to the 
global coordinate system with the help of subroutine TRANSF 
by using the similar procedure to the skeletal members. 
However, the transformation matrix T will be of 24X24 instead 
of 12X12 as is the case of the skeletal members. 
Furthermore, the eccentricities in the members are also taken 
care by the same subroutine. Finally the member stiffness 
matrix is posted to the appropriate locations of the global 
stiffness matrix (equation 3.1) by adopting the procedure 
similar to the skeletal members. 
(4)Implement external constraint conditions 
The stiffness matrix K of equation 3.1 is transformed to the 
, stiffness matrix 
K' of equation 3.2 by implementation of 
boundary conditions. This is carried out by setting rows and 
columns of K to zero corresponding to the constraint degrees 
of freedom and unity (1) being inserted in their leading 
diagonal positions. It should be noted that leading diagonal 
coefficients are stored along the first column of the 
rectangular symmetric and banded stiffness matrix. Further, 
an item intended for location i, j(i<j) of the square matrix 
would be posted instead to the position i, (J-i+1) of the 
symmetric banded matrix. 
(5)Solve equilibrium equations 
Subroutine DETERM solve the system of linear simultaneous 
equations of equation 3.2 using Gaussian elimination 
technique for the symmetric banded matrices, which is 
described in section 3.5.2. The unknown nodal displacements 
, are determined and control is passed to the next subroutine. 
(6)Calculate element forces 
Subroutine FORCES is employed to perform this operation. The 
nodal displacements related to a member are. transformed to 
local coordinates and the member stiffness matrices are 
developed in the local coordinate system. Then 'using the 
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relationship of equation 3.3, the generalised forces at the 
nodes of each skeletal member is determined and stored in a 
one-dimensional array. The procedure for the generation of 
transformation, eccentricity and element stiffness matrices 
for the skeletal members is the similar to the step 3. 
The matrix A for the in-plane action of each plate element is 
developed and inversed with the help of subroutine INVERS. 
However, the formulation of equation 3.12 is required instead 
of equation 3.14 for the determination of in-plane 
generalised forces. Similarly, after inversing matrix A of 
plate bending component of the shell element, the operation 
of equation 3.19 is performed instead of equation 3.21 to 
find out the generalised forces. Subroutine MULPLY is used 
to perform multiplication operations of equations 3.12 & 3.19 
and subroutine FROT to arrange the resultant matrix according 
to the appropriate degrees of freedom of the shell element 
(Eqn 3.23). Further, the effect of eccentricities are 
considered accordingly for the generalised forces in the 
shell elements. It should be noted that the generalised 
forces obtained from the plane stress action are stresses 
whilst moments per unit lengths are determined for bending 
actions of the shell elements. The moments due to the plate 
bending action are converted into true stresses by using 
relationships expressed in equation 3.20. Furthermore, 
principal stresses are also calculated by using the basic 
elasticity concepts. 
(7)Check overall equilibrium 
The reactions are determined at the support points of the 
structure and overall equilibrium of external and internal 
forces is verified. 
(8)Output desired results 
Once the solution is complete and the forces are determined, 
the desired results are output in a file as lists of nodal 
displacements, forces, etc. These results may be further 
processed using a graphical program and producing plots in 
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the form of deflections and forces diagrams. 
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Table 2.2.1 
Method type Name of the method Relevance Ref 
Direct Methods 
Classical Force (flexibility) --- 11 
Stiffness(displacement) Yes 40 
Iterative Moment distribution -- 11 
Indirect Methods 
Plate analogy Yes 49 
Shell analogy Yes 51 
Spring analogy Yes 1 
Equivalent energy Yes 12 
Finite difference --- 11 
Finite element Yes 56 
Particular attention has been paid to the stiffness method 
which `can be used in conjunction with finite element method for 
the analysis of any kind of skeletal or continuum or composite 
space structures. ' Further, the results from this method is 
generally considered as the accurate and precise. A brief 
discussion of this method is given below in section 2.2.1. 
Equivalent energy method can be used as a useful tool in 
predicting reliable results for a composite space structure 
together with in saving a considerable amount of computer 
resources (section 2.2.2). Plate and spring analogies are also 
discussed (sections 2.2.3&4). 
2.2.1 Standard Stiffness Method 
The stiffness method of analysis is considered as a useful tool 
by structural engineers to obtain exact solutions for the 
structural systems. The'accuracy of solutions is found to vary 
152 
model come into static condition. 
8)Unloading was performed gradually and final readings were 
compared with initial zero readings which were found 
identical in most of the cases. However, a few 
measurements did not show consistency and were, hence, 
rejected. 
After performing tests on the skeletal model with three types 
of loadings, it was converted into the composite model. The 
aluminium sheet was provided to change the skeletal model into 
the composite model, as described in section 4.1.3" On top 
surface of the aluminium sheet, 45 strain rosettes were 
installed. Consequently, the procedure explained above was 
used to carry out the required tests on the composite model. 
In addition to the three loading cases applied on the skeletal 
model, the composite model was subjected to another loading to 
check the symmetry of the model. This loading was similar to 
load case 3 but carried out at opposite side of the model as 
shown in Fig 4.2.1. 
5.2 SKELETAL MODEL UNDER MODIFIED UDL 
An equal loading of 60N was applied at each of 32 points in the 
bottom layer of the model in three equal increments. The 
modified uniformly distributed loading is also referred to as 
load case 1 (of. section 4.2) and the investigations in this 
case are referred to as Test-la. The loading was symmetrical 
and experimental investigations proved almost symmetric 
behaviour about midspan of the model. Therefore, the results 
of one half of the structure have been presented here. Figure 
5.2 shows the half plan which indicates its loading and 
supporting arrangements. Both deflections and axial forces of 
the model, obtained from theoretical and experimental studies, 
generally, agreed with one another (Figs 5.2.1 to 5.2.5d). 
In the figures, experimental parameters are represented by 
dotted lines and theoretical values by solid lines. The 
